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Protein and Fat Content of Some Mushrooms 
Grown in Submerged Culture’ 


Reusser, J. F. T. SpeENcer, AnD H. R. SALLANs 


Prairie Regional Laboratory, National Research Council of Canada, Saskatoon, Saskatchewan, Canada 


Received for publication May 20, 1957 


During World War II, yeasts were used as food and 
fodder supplements in Germany and in Jamaica (Pres- 
cott and Dunn, 1949). Subsequently, food yeasts have 
been commercially produced in the United States in con- 
siderable quantity (Prescott and Dunn, 1949; Wiley et 
al., 1950, 1953). Their value as a food supplement is well 
known (Thaysen, 1943). The mushrooms, however, 
are a group of organisms which may well merit more 
consideration as a source of food both for human beings 
and for livestock. They have about the same nutritive 
value as torula type yeast (Block et al., 1953) and, be- 
cause they have extensive enzyme complexes, in addi- 
tion to simple sugars, they can utilize lignins, cellulose, 
hemicelluloses, pectins, and other polymers (Waksman, 
1944; Reusser, 1956). They should therefore grow on a 
variety of cheap substrates and hence, for commerical 
purposes, may possess a distinct economic advantage 
over many of the yeasts. 

The possibility of the submerged culture production 
of mushrooms for use as flavor additives to soups and 
other foods has been investigated (Humfeld, 1948; 
Humfeld and Sugihara, 1949; Block et al., 1953; 
Sugihara and Humfeld, 1954). In addition, the growth 
requirements of some wood-rotting fungi (Jennison 
et al., 1955) and some mushrooms (Whitaker, 1951) 
have been studied, and Gray and Bushnell (1955) deter- 
mined carbon balances for a number of the latter fungi. 
Differences in the essential amino acids of a number of 
types of microorganisms have been found to be small 
(Reusser et al., 1957). To evaluate their usefulness for 
food production on a large scale, other factors such as 
concentration and total yield of protein, nontoxicity 
of the product, cost of substrate, and ease of recovery 
of the cells must be considered. This communication 
reports results of a study of protein and fat production 
by 10 strains of mushrooms grown in submerged culture 
on molasses and waste sulfite liquor. 


MATERIALS AND METHODS 
Cultural Methods 
Cultures were obtained from the Centraalbureau voor 
Schimmelcultures, Baarn, from Dr. C. W. Hesseltine, 
1 Issued as paper No. 4571. 
2 National Research Council Postdoctorate Fellow, 1955 to 


1957. Present address: Research Division, The Upjohn Com- 
pany, Kalamazoo, Michigan. 


Northern Utilization Research and Development Divi- 
sion, Peoria, Illinois, and from Dr. W. D. Gray, Depart- 
ment of Botany and Plant Pathology, Ohio State 
University, Columbus, Ohio. They were maintained on 
malt agar slants at 15 C in the dark. 

Inoculum was produced in 250-ml Erlenmeyer flasks 
containing 40 ml of 5 per cent malt extract broth 
(Difco). Bits of mycelium planted in this medium were 
allowed to grow at 25 C for 10 days. The mycelium was 
then washed with sterile distilled water and broken up 
by vigorous shaking in a sterile glass-stoppered bottle 
containing distilled water and glass beads. The resulting 
suspension was used as inoculum (2 ml per flask). 

The cultures were grown in 500-ml Erlenmeyer flasks 
containing 200 ml of medium shaken at 240 rpm on a 
rotary shaker having an eccentricity of 14 in. at 25 C. 
The media used in the different experiments are given 
in the appropriate tables. 

Incubation times were selected to end the experi- 
ments approximately at the time the fastest growing 
culture had completely utilized the substrate. 


Analytical Methods 


Reducing sugars were determined colorimetrically with 
the alkaline copper reagent of Somogyi (1945) and the 
arsenomolybdate reagent of Nelson (1944). 

Total carbohydrates in the molasses were determined 
colorimetrically by the anthrone method. Details of the 
above two methods are described by Neish (1952). 

Total solids in the waste sulfite liquor were deter- 
mined by adjusting the pH to 7.0 with sodium hy- 
droxide and evaporating the solution to dryness at 
60 C under vacuum. 

Mycelial weights were obtained by filtering the mash 
through a fine stainless steel screen, washing the myce- 
lial pad with distilled water and drying it at 60 C under 
vacuum for 24 hr before weighing. The dried mycelium 
was then analyzed for fat and total nitrogen. 

Total nitrogen was determined by the micro-Kjeldahl 
method and the factor 6.25 used to calculate crude pro- 
tein. This method is known to give results which are 
only approximate. However, the figures thus obtained 
may be used for comparative purposes, provided the 
approximate nature of the results is kept in mind. 

Fats were estimated gravimetrically after continuous 
ether extraction of the dried mycelium for 16 hr. It is 
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recognized that this technique provides a measure of the 
free-fats and does not necessarily include bound lipids. 


RESULTS AND DiscussIOoN 


The composition of the mycelium was found to de- 
pend markedly upon the medium on which it was grown 
and on the organism itself (tables 1-4). For example, 
when the organisms were grown on a synthetic medium 
(table 1) the protein concentration in the mycelium 
varied from 53.5 per cent to 10 per cent; the total yield 
of protein varied with the efficiency of dry matter 
production and with sugar utilization. Fermentative 
efficiency was relatively low on the synthetic medium. 

Fermentative efficiencies (protein produced per unit 
of carbohydrate utilized) were relatively higher on 
media containing molasses (table 2) and waste sulfite 
liquor (table 3). The strains that produced high con- 
centrations of protein on the molasses medium did not, 
however, produce the highest yields of dry matter and 
did not always utilize a high percentage of the sugar. 
Thus, while efficiency of protein production, on the 
basis of sugar utilized, reached 30 per cent (Agaricus 
campestris NRRL 2334 and 2335), the efficiency on the 


TABLE 1 


Yields of protein and fat from mushrooms grown in submerged 
culture on a synthetic medium* 


(Strains listed in order of decreasing protein concentration) 


| | Dry Wt! Efficiency (g 
| crude | | 
Species | (% of | Fat ing 
| Dry |Matter)| Used | “ine (As % offAs % of 
|Matter) Sugar sugar original 
Used) | used sugar 
Collybia velutipes 
NRRL 2367 53.5 1.4 | 27.6 | 11.2 | 6.0 Sf 
Agaricus campestris 
(L) Fr. CBS 28.2; 1.7 100.0; 7.6) 2.1 | 2.1 
A. campestris NRRL 
2335 23.2 | 9.9 | 68.1 | 40.5 | 9.3 | 6.3 
Xylaria polymorpha 
Gray 154 | 16.5) 7.0 | 72.5 | 28.0) 4.6 | 3.4 
Tricholoma nudum _| 15.0 | 32.1 | 64.7 | 26.6 | 4.0 | 2.6 
NRRL 2371 
Boletus indecisus 14.7 | 6.1 | 47.6 | 34.3 | 5.0 | 2.4 
Gray 168 
A. campestris NRRL | 13.9 | 8.4 | 75.0 | 38.0 | 5.3 | 4.0 
2334 
A. campestris NRRL | 6.6 | 55.0 24.8 | 3.3 | 1.8 
2336 
Morchella hybrida 10.5 6.0 | 56.0 31.2) 3.3 | 1.8 
Gray 149 | 


* The medium contained, per L, 40 g glucose monohydrate, 
1 g ammonium tartrate, 0.5 g monopotassium phosphate, 0.5 g 
magnesium sulfate heptahydrate, 0.003 g ferrous sulfate 
heptahydrate, 0.003 g zine sulfate heptahydrate, 0.002 g 
manganous sulfate monohydrate, 0.05 g calcium chloride, 
1 mg pyridoxine, 1 mg p-aminobenzoic acid, and 0.5 mg thia- 
min. Initial pH 5.0. Incubated 8 days at 25 C. All data are 
averages of 2 flasks. 


basis of the original sugar was approximately 15 per cent 
for most of the better strains. An efficiency of 21 per cent 
of original sugar was, however, observed with one strain 
(A. campestris NRRL 2336). The protein concentration 
in the mycelium was lower on the waste sulfite liquor 
medium and the highest efficiency was slightly less 
than 20 per cent of the sugar used. This, however, 
compares very favorably with the efficiencies obtained 
with Agaricus blazet (Block et al., 1953) grown on 
citrus press water and similar substrates. 

Boletus indecisus, when grown on waste sulfite 
liquor, produced much the highest yield of mycelium. 
Although the protein concentration was low, the effi- 
ciency of protein production compared favorably with 
the other strains. In addition, B. indecisus utilized a 
relatively higher percentage of the nonreducing matter 
in the medium. 

Increasing the nitrogen content of the medium by the 
addition of ammonium tartrate increased the yield 
of mycelium and of its protein content in the 3 species 
tested, whereas it decreased the fat content in 2 species 
(table 4). Supplementation of the medium with am- 
monium tartrate resulted in a large change in the C:N 


TABLE 2 


Yields of protein and fat from mushrooms grown in submerged 
culture on a molasses medium* 


(Strains listed in order of decreasing protein concentration) 


Dry — 

Weight | Efficiency (g 
Crude Crud Total | of My-| Protein/100 g 
Protein Fat Carbo- | celium Glucose) 
Matter) |Matter)| ‘Used | |As % of|As % of 
drates | sugar | original 
Used) | used sugar 


Tricholoma nudum 54.4 |} 1.8 | 89.9 | 33.0 | 17.9 | 16.1 
NRRL 2371 
Agaricus campestris | 50.9 | 0.9 | 82.9] 11.6] 5.9 | 4.9 
(L) Fr. CBS 
Cantharellus cibarius | 45.4 | 2.3 | 20.1 | 11.3 | 5.1] 1.0 
NRRL 2370 
Collybia velutipes 44.5 | 2.0 | 23.0 | 25.4 | 11.3 | 2.6 
NRRL 2367 
A. campestris NRRL | 40.9 | 1.5 | 38.9 | 74.7 | 30.5 | 11.9 
2334 
A. campestris NRRL | 39.9 | 3.3 | 52.4 | 75.6 | 30.2 | 15.9 
2335 
A. campestris NRRL | 39.8 | 2.6 | 80.8 | 67.8 | 27.0 | 21.6 
2336 
Morchella hybrida 34.8 | 1.3 | 75.5 | 57.9 | 20.4 | 15.2 
Gray 149 
Boletus indecisus 27.4 | 0.8 | 84.9 | 70.1 | 19.2 | 15.8 
Gray 168 
Xylaria polymorpha | 20.3 | 0.9 | 82.2 | 66.6 | 13.5 | 11.1 
Gray 154 


* The medium contained, per L, 60 g total carbohydrates 
(from sugar beet molasses), 5 g ammonium sulfate, 0.5 g mono- 
potassium phosphate, and 0.5 g magnesium sulfate hepta- 
hydrate. Initial pH 5.0 (adjusted with hydrochloric acid). 
Incubated 8 days at 25 C. All data are averages of 2 flasks. 
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t ratio, as indicated in table 4. The carbon content of the gave good yields on waste sulfite liquor media. Two of 
t medium was also increased somewhat. However, an these, T'richoloma nudum and M. hybrida, produced 
1 increase in ammonium tartrate concentration (from 2 mycelium having a reasonably high protein concen- 
n to 4 g per L) gave an increase in dry weight of A. tration. 
r campestris NRRL 2335 mycelium of 5.6 g. This is much 
s greater than could be brought about only by utilization Sonaas 
a of the tartrate carbon. Because glucose was at all times Ten strains of mushrooms, including four strains of 
d present in excess, the only remaining factor which could Agaricus campestris, were grown on a synthetic medium 
n have brought about the increased conversion of glucose and on media containing molasses or waste sulfite liquor. 
to mycelium is the increased concentration of nitrogen. High nitrogen concentrations favored protein produc- 
e The apparent increase in fat content of B. indecisus tion, and reduced nitrogen concentration induced fat 
L. may have resulted from increased production of ether formation. High yields of dry matter and protein were 
x extractable pigments, which in the procedure used were obtained on molasses medium, while yields on waste 
h determined as part of the true fat. No explanation has sulfite liquor were slightly lower. 
‘ been found for the high value for fat content of Mor- Three strains produced good yields of protein when 
1 chella hybrida in the presence of 10 g per L of ammonium grown on waste sulfite liquor, the fermentative efficiency 
tartrate. being approximately 15 per cent. Of these three, Boletus 
e Vive of the 10 strains tested produced satisfactory indecisus produced high yields of dry matter having 
d yields of protein on molasses media and three of the five a low protein content (25 per cent) and utilized a rela- 
TABLE 3 
" Yields of protein and fat from mushrooms grown on a medium containing waste sulfite liquor* 
(Strains listed in order of decreasing protein concentration) 
Dry Weight | Dry Matter (g Protein) 100 g 
Crude | Grade fat | of | | Dry Mater | |_ Sue 
ed Matter) Matter) PRecny | Sugars Used | As% of | As % of 
| sugar original 
used sugar 
» % | 4 
, Tricholoma nudum NRRL 2371 38.7 3.9 48.9 80.0 22.5 | 7.9 18.9 15.2 
J Xylaria polymorpha Gray 154 37.7 1.4 30.1 84.7 22.3 6.4 11.3 | 9.6 
Morchella hybrida Gray 149 37.5 0.8 52.7 82.8 23.6 8.6 19.7 | 16.3 
a Agaricus campestris NRRL 2335 34.7 0.9 28.3 82.3 21.9 | 6.7 | 9.8 8.1 
nal A. campestris NRRL 2334 34.3 0.8 19.2 82.3 22.2 6.9 6.6 5.4 
all A. campestris NRRL 2336 25.2 0.5 27.0 83.7 27.8 | 13.6 6.8 5.7 
Boletus indecisus Gray 168 25.1 1.5 75.0 88.5 32.3 18.0 18.8 16.6 
1 Cantharellis cibarius NRRL 2370 22.1 0.6 40.2 26.7 11.8 | 8.1 8.9 | 2.4 
A. campestris (L) Fr. CBS 15.2 0.4 30.8 46.0 12.6 | 4.5 4.7 | 2.2 
9 Collybia velutipes NRRL 2367 | —ft | 
0 *The medium contained, per L, waste sulfite liquor equivalent to 104 g solids (21.2 g reducing substances), 5 g ammonium 
sulfate, 0.5 g monopotassium phosphate, and 0.5 g magnesium sulfate heptahydrate. The waste sulfite liquor, after dilution, 
6 was heated to 80 to 90 C, solid calcium hydroxide was added to bring the pH to 5.5 and the precipitate was removed by filtra- 


tion. The waste sulfite liquor was sterilized separately. Incubated 10 days at 25 C. All data are averages of 2 flasks. 
9 t No growth. 


9 TABLE 4 
Effect of different amounts of ammonium tartrate upon the composition of the mycelium* 
: | | Agaricus campestris NRRL 2335 Morchella hybrida Gray 149 Boletus indecisus Gray 168 
2 | Crude Fat Crude fat | Crude fat 
artrate atio Crud t era Crud tei rude ta | Cc di tei rude ta 
| g/L | | 
1 2 73.3 : _ 19.1 9.0 12.10 15.0 4.6 | 8.75 | 20.0 | 3.3 
4 37.5 14.85 22.3 10.4 | 17.40 18.9 2.9 | 13.75 | 24.1 | 3.8 
—— 6 25.6 15.70 28.6 5.6 | 20.95 24.1 3.0 16.85 | 26.9 4.9 
ites 8 19.7 | 17.40 31.1 | 4.9 | 23.85 26.7 | 1.8 17.65 | 31.2 | 7.3 
no- 10 16.0 | | 23.40 $2.1 | 7.2 | 
id). ‘The per L, 60 g monohy ammonium tartrate in the concentrations n, the salts and 
sks. growth factors of the medium i in table 1. Initial pH 5.0. Incubated 5 days at 25 C. All data are averages of 2 flasks. 
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tively high percentage of nonreducing matter. The other 
two strains, Morchella hybrida and Tricholoma nudum, 
produced lower yields of mycelium having a protein 
content of approximately 37 per cent. 


REFERENCES 


Biockx, 8. S., Srearns, T. W., STepHens, R. L., anv 
McCanptess, R. F. J. 1953 Mushroom mycelium, 
experiments with submerged culture. J. Agr. Food 
Chem., 1, 890-893. 

Gray, W. D. anp BusHNELL, W.R. 1955 Biosynthetic poten- 
tialities of higher fungi. Mycologia, 47, 646-663. 

Humretp, H. 1948 The production of mushroom mycelium 
(Agaricus campestris) in submerged culture. Science, 
107, 373. 

Humretp, H. anp Sucrnara, T. F. 1949 Mushroom my- 
celium production by submerged propagation. Food 
Technol., 3, 355-356. 

JenNIsOoN, M. W., Newcoms, M. D., anp HENpDERSON, R. 
1955 Physiology of the wood-rotting basidiomycetes. I. 
Growth and nutrition in submerged culture in synthetic 
media. Mycologia, 47, 275-304. 

Netsu, A. C. 1952 Analytical methods for bacterial fer- 
mentations, N.R.C. No. 2952. Prairie Regional Labora- 
tory, Saskatoon, Saskatchewan, Canada. 

NeEtson, N. 1944 A photometric adaptation of the Somogyi 
method for the determination of glucose. J. Biol. Chem., 
153, 375-380. 

Prescott, C. anp Dunn, C. G. 1949 Industrial micro- 


biology, 2nd ed. McGraw-Hill Book Co., Inc., New York, 
New York. 

Revsser, F. 1956 Beitrage zur Kenntnis der Physiologie 
von Marasmius foetidus (Sow. ex. Fr.) Fr. und Marasmius 
putillus (Fr. ex. Fr.) Fr. Dissertation Eidgenossichen 
Technischen Hochschule, Zuerich. 

Revusser, F., Spencer, J. F. T., anp Sauuans, H. R. 1957 
Essential amino acids in microorganisms. Can. J. Micro- 
biol. 8, 721-728. 

Somocyr, M. 1945 A new reagent for the determination of 
sugars. J. Biol. Chem., 160, 61-73. 

Suarmara, T. F. anp Humretp, H. 1954 Submerged culture 
of the mycelium of various species of mushroom. Appl. 
Microbiol., 2, 170-172. 

TuHaysen, A. C. 1943 Value of microorganisms in nutrition 
(food yeast). Nature, 161, 406-408. 

WaksMAN, 8. A. 1944 Decomposition of cellulose and hemi- 
celluloses by microorganisms. In Wood chemistry. Edited 
by L. E. Wise. Reinhold Publishing Corporation, New 
York, New York. 

Wuiraker, D. R. 1951 Studies in the biochemistry of cel- 
lulolytic microorganisms. I. Carbon balances of wood- 
rotting fungi in surface culture. Can. J. Botany, 29, 
159-175. 

Witey, A. J., Duprey, G. A., Lueck, B. F., Huaues, L. P. 
1950 Torula yeast grown on spent sulfite liquor. Ind. 
Eng. Chem. 42, 1830-1833. 

Witey, A. J., Hotpersy, J. M., anp Fries, K.W. 1953 Food 
and feed yeast in the U.S. A. Proceedings of the Technical 
Panel on Wood Chemistry, Food and Agriculture Organiza- 
tion of the United Nations, Stockholm, Sweden, July 27 
to 28, pp. 89-100. 


f 


- 


s 
( 
( 
‘ 
? 
| 
§ 
| 
y 


Tricholoma nudum as a Source of Microbiological Protein’ 


F. Reusser,? J. F. T. Spencer, anp H. R. SatLans 


Prairie Regional Laboratory, National Research Council of Canada, Saskatoon, Saskatchewan, Canada 


Received for publication May 20, 1957 


Tricholoma nudum is approximately equivalent to 
fodder yeast in protein content (Reusser et al., 1957a). 
Its mycelium is nontoxic to animals (J. M. Bell, Per- 
sonal Communication) and grows well on waste sulfite 
liquor. This communication reports the results of a 
study of this mushroom in which factors influencing 
its growth and protein yield, and hence its potential 
nutritive value, have been examined more closely. 


MATERIALS AND METHODS 
Cultural Methods 


A culture of Tricholoma nudum strain NRRL 2371, 
obtained from Dr. C. W. Hesseltine, U. 8S. Department 
of Agriculture, Peoria, Illinois, was maintained on malt 
agar slants at 15 C. 

Media. Unless otherwise stated, the basal medium 
contained per L: 0.5 g MgSO,-7H,O, 3 mg FeSO,-7H.0, 
3 mg ZnSO,-7H.O, 2 mg MnSO,-H:20, 50 mg CaCh, 
0.5 mg thiamin, 1.0mg pyridoxine and 1.0 mg p-amino- 
benzoic acid. Other constituents were added to this 
medium as shown. 

Inoculum for flask culture was grown in 5 per cent 
malt extract broth and prepared by shaking with glass 
beads as previously described (Reusser et al., 1957a). 

Inoculum for the stirred fermentors was grown in 


500-ml Erlenmeyer flasks containing 300 ml of basal - 


medium to which 40 g glucose monohydrate, 8 g am- 
monium tartrate, and 1 g monobasic potassium phos- 
phate per L were added. The flasks were incubated 
at 25 C on a rotary shaker having an eccentricity of 
14 in., operated at 240 rpm. 


Fermentations 


Stationary cultures for the study of utilization of car- 
bon and nitrogen sources were grown in 250-ml Erlen- 
meyer flasks containing 40 ml of medium and were 
incubated at 25 C. The medium for study of carbon 
source utilization contained the basal constituents 
plus 1 g ammonium sulfite and 0.5 g monobasic potas- 
sium phosphate per L. The different carbon sources 
were added to this medium in concentrations of 10 g 
per L. The basal medium plus 60 g glucose monohydrate 
and 1 g monobasic potassium phosphate was used for 
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the study of nitrogen utilization. Nitrogenous com- 
pounds were added at the rate of 0.5 g N per L, except 
for racemic mixtures, when 1 g per L was added. 

Shake-cultures were grown in 500-ml Erlenmeyer flasks 
containing 200 ml medium and were incubated at 25 C 
on a rotary shaker having an eccentricity of 14 in., 
operated at 240 rpm. 

Large scale fermentations were run in 5-L stainless 
steel fermentors (Roxburgh et al., 1956) or in 30-L 
stainless steel fermentors of similar design. 


Analytical Methods 


Reducing sugars were determined colorimetrically 
with the alkaline copper reagent of Somogyi (1945) 
and the arsenomolybdate reagent of Nelson (1944). 

Total carbohydrates in the molasses were determined 
colorimetrically by the anthrone method. The above 
two methods are described in detail by Neish (1952). 

Dry weight of mycelium was determined after filtering 
the fermented broth through a fine stainless steel screen, 
washing the pad of mycelium thoroughly with distilled 
water and drying it under vacuum at 60 C for 24 to 48 
hr. 

Total nitrogen was determined by the micro-Kjeldahl 
method (A.O.A.C., 1955) and the formula protein = 
total nitrogen X 6.25 used to calculate crude protein. 
This factor is arbitrary. However, if the approximate 
nature of the data obtained in this way is kept in mind, 
comparisons between treatments may be made. 

Crude fats were determined gravimetrically after 
continuous ether extraction of the dried mycelium for 
16 hr. 

Essential amino acids were determined quantitatively 
by one-dimensional ascending paper chromatography 
(Matthias, 1954; Reusser et al., 1957b). 


RESULTS 
Utilization of Carbon and Nitrogen Sources 


In order of decreasing yield of dry matter the follow- 
ing substrates were utilized: pyruvate, xylan, sucrose, 
maltose, p(+)mannose, raffinose, D-arabitol, L(+)- 
rhamnose, pb-galactose, p-fructose, p(+)xylose, dex- 
trin, glucose, D-ribose, cellobiose, sorbitol, L(+ )arab- 
inose, starch (soluble), dulcitol, mannitol, inulin, 
salicin, lactose, L(—)sorbose and cellulose. Growth 
on cellulose was very slow. It is interesting to note that 
vanillin, syringaldehyde and p-hydroxybenzaldehyde, 
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normally present in lignin hydrolysates, were not 
utilized, even though T. nudum normally grows in 
locations rich in decaying vegetation (Krieger, 1941) 
and may attack lignin. 

Organic nitrogen sources used were L-asparagine, 
DL-alanine, glycine, DL-serine, L-arginine, L-proline, 
L-threonine, L-glutamine, piL-valine, L-tyrosine, L- 
leucine, pt-isoleucine, pL-8-alanine, L-histidine, 
lysine, L-tryptophane, pL-a-aminobutyric acid, pDL- 
glutamic acid, pL-methionine, pL-aspartic acid and 


TABLE 1 


Effect of ammonium tartrate concentration on yield and 
composition of Tricholoma nudum mycelium* 


Incubation Ammonium C:N | Yield of Se | Crude Fat (% 
Time | Tartrate Ratio ion Dry Wot | of Dry Wt) 
days g/L g/L 
(a)9 | 0.25 | 384.0 1.30 18.6 24.4 

, 0.50 193.0 2.30 19.1 20.3 

| 0.75 129.4 | 3.85 19.2 19.8 

| 1.0 97.3 | 4.55 20.6 15.5 

(b)6 | 2.0 | 73.3 6.15 10.7 
4.00 37.5 | 9.05 | 38.0 | 8.4 

| 60 | 2.6 | 9.40 | 4.8 | 5.2 

B80 | 19:7 | 382.1 4.2 

10.0 16.0 | 8.90 51.8 4.2 


* Medium (a) Basal medium plus, per L, 40 g glucose mono- 
hydrate, and 1 g monopotassium phosphate. Initial pH 5.0. 
(b) Basal medium plus, per L, 60 g glucose monohydrate, 
and 0.5 g monopotassium phosphate. Initial pH 5.0. 

Ammonium tartrate was added to these media as shown. 

t Averages of two flasks. 


TABLE 2 

Effect of nitrogen sources on yield and composition 
of the mycelium* 

Reduc- pg Crude | Crude | 

i 


| _ Efficiency (g 
| Protein per 100 
g Sugar) 
Nitrogen source 


% of | % of 
| sugar | original 
| used | sugar 


1g/N/L % 


| 
Ammonium 100 37.6 | 26.1, 14.51 3.4) 9.8) 9.8 
nitrate 


| | | | 
Potassium 37.6 | 26.6) 9.6 | 7.5 | 10.0 | 10.0 
nitrate | 
Ammonium | 14.9 | 53.2 | 46.2 | 19.0 | 2.0 | 24.6 | 3.7 
sulphate | | 
Ammonium | 44.3 | 39.7 22.0 1.8 17.6 2.2 
chloride | 
Ammonium 83.0 | 33.4 | 38.2 | 23.9 | 2.2 | 12.7 | 10.6 
Urea 100 41.8 23.8 | 10.8 3.0 | 10.0 | 10.0 


* Grown in 3 L stirred fermentors. Incubation time 95 hr, 
inoculum 5 per cent (v/v), air flow rate 1 L/min, agitator 
speed 400 rpm, temp 25 C, antifoam lard oil. 

Medium: Basal medium plus, per L, 60 g glucose mono- 
hydrate, 1 g monopotassium phosphate and nitrogen sources 
as shown. 
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pL-phenylalanine. Inorganic nitrogen compounds util- 
ized were potassium nitrate, ammonium nitrate, am- 
monium tartrate, urea, ammonium phosphate, (dibasic) 
ammonium phosphate (monobasic), ammonium chlo- 
ride and ammonium sulfate. It was assumed that only 
the L-isomers in the racemic mixtures were utilized, 
though some of the b-isomers may be utilized also. 
L-Taurine was not utilized. 


Effect of Nitrogen Source 


The nitrogen source was the most important factor 
influencing protein production by 7. nudum. The crude 
protein concentration increased from 18 per cent to 
approximately 50 per cent and the fat content decreased 
from 24 to 4 per cent as the ammonium tartrate con- 
centration was increased from 0.025 to 1 per cent 
(table 1). The yield of mycelium increased as the am- 
monium tartrate concentration was increased. As in- 
dicated by Reusser et al. (1957a), the increase in 
mycelial weight is due to the increased nitrogen con- 
tent. of the culture medium. 

In unbuffered media the type of nitrogen source was 
very important. Substrate utilization was poor and the 
final pH was very low when ammonium chloride and 
ammonium sulfate were used as nitrogen sources (table 
2). In media with a higher buffering capacity (table 4) 
however, ammonium sulfate was a satisfactory nitrogen 
source. 

Good utilization of substrate was observed when 
ammonium tartrate, ammonium nitrate, potassium 
nitrate, and urea were used as nitrogen sources. Effi- 
ciency of protein formation was greatest for ammonium 
tartrate, urea, and nitrate compounds. When nitrates 
or urea were used, however, the protein concentration 
decreased markedly, the fat content was lower, and the 


TABLE 3 


Effect of initial pH on protein and fat production 
by Tricholoma nudum* 


Initial pH | Crude Fat 
Stefilisstion) | rot by Wo wy 
g/L 

2.0 2.0 No growth _ — 
2.5 | 2.5 0.70 47.2 — 
3.0 2.1 4.90 54.8 2.8 
3.5 2.1 8.40 53.2 3.3 
4.0 2.8 8.65 51.2 5.3 
4.5 3.1 9.70 52.6 4.2 
5.0 5.2 9.30 52.7 4.4 
5.5 5.0 6.05 , 55.2 7.0 
6.0 3.9 4.00 57.8 4.8 
6.5 | 3.9 0.15 49.2 14.8 


* Incubation time 7 days. Medium: Basal medium plus, 
per L, 60 g glucose monohydrate, 8 g ammonium tartrate 
and 0.5 g monopotassium phosphate. pH adjusted to values 
shown. 

+ Averages of two flasks. 
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TABLE 4 
Yield of mycelium, fat, and protein in molasses and waste sulfite liquor media 
| | 
st ; Efficiency (g Protein per 
Original Total Yield of Crude F 100 g Carbohyd 
| orReducing | Mycelium | Dry | Coot Dry | Final 
Conc. Sugar Use Sugar Used) Wt) Wt) Y of sugar | % of original 
| used | sugar 
% 
Molasses-ammonium 24.8 94.3 53.9 48.8 4.5 — | 26.3 25.8 
tartrate* 42.0 95.7 53.8 49.8 3.8 = | 2.8 | 25.7 
59.6 96.1 61.4 44.8 6.4 = | 27.5 | 26.4 
81.2 96.2 49.7 44.2 3.6 - | 22.0 | 21.1 
101.0 95.8 39.8 47.6 5.1 — | 19.0 | 18.2 
120.0 91.9 29.6 47.2 14.0 12.9 
Waste sulfite liquor- 21.3 (I) 78.9 66.2 44.2 10.1 or | “202 23.1 
ammonium sul- 23.3 (II) 77.5 64.0 42.5 18.4 3.1 277.2 (2.1 
fatet 


* Medium: Molasses (as shown) plus, per L, 8 g ammonium tartrate and 1 g monopotassium phosphate. Grown in 5-L stirred 
fermentors. Incubation time 96 hr, inoculum 5% (v/v), air flow rate 1 L/min, agitator speed 400 rpm, temp 25 C, antifoam lard oil. 


Data are averages of 2 fermentors. 


+ Medium: Waste sulfite liquor, diluted to a total solids content of 10 per cent (w/v), heated to 80 to 90 C, pH adjusted to 5.5 
with solid caleium hydroxide and the precipitate removed by filtration. To this was added, per L, 5 g ammonium sulfate and 3 g 
monopotassium phosphate (I and II). Incubation time 40 hr, inoculum 5 per cent (v/v), temp 25 C, antifoam lard oil. (I) Grown 
in 5-L fermentors, air flow rate 1 L/min, agitator speed 400 rpm. Average of 2 fermentors. (II) In 30-L fermentor. Air flow rate 


8.2 L/min, agitator speed 300 rpm. 


mycelium changed from a highly branched form to 
single vermiform strands. 


Effects of Other Factors 


Initial pH. No growth in synthetic medium occurred 
after 7 days at an initial pH of 2.0, but at pH 2.5 and 
6.5 traces of growth were observed (table 3). The 
highest yields were obtained when the initial pH was 
4.5, but the lag phase of growth was shorter when the 
initial pH was 3.0 or 3.5. The final pH was between 
5.2 and 2.1 in all cases where growth took place. The 
yields of dry matter indicate that the pH optimum 
was fairly broad and probably lay between 5.0 and 3.0. 

Phosphate concentration. As the phosphate concentra- 
tion was increased from 0.5 to 6 g per L there was a 
slight increase in mycelial yield and a slight decrease in 
fat content. These changes were very small. 

Aeration. There were no significant changes in yields 
as the air flow rate was increased from 0.5 to 2.0 L 
per min per fermentor. The optimum aeration rate was 
below 50 mm QO, per L per hr as determined by the 
sulfite oxidation method. This is somewhat lower than 
the value found for optimum cell yields of Saccharo- 
myces cerevisiae (Olson and Johnson, 1949). 


Growth on Industrial Wastes 


More than 90 per cent of the carbohydrates in sugar 
beet molasses was utilized (table 4). The maximum 
yield of dry matter, 61 g per 100 g carbohydrate utilized 
was obtained when the initial carbohydrate concentra- 
trion was 6 per cent. The protein concentration varied 
from 44 to approximately 50 per cent, and the fat 
content was approximately 5 per cent. The highest 


TABLE 5 


Comparison of the essential amino acid content of Tricholoma 
nudum grown on synthetic and molasses media 


Amino mg per g 
Synthetic medium* |Molasses mediumt 

Phenylalanine................ 20 20 

* See table 1. 

Tt See table 4. . 


t Contaminated with an unknown ninhydrin-positive 
compound. 


fermentative efficiency (protein produced per unit of 
carbohydrate), approximately 26 per cent, was reached 
when the initial carbohydrate concentration was 6 
per cent. 

Approximately 80 per cent of the reducing substances, 
estimated as glucose, in waste sulphite liquor were 
utilized. Yields of dry matter reached 66 per cent of the 
reducing substances utilized, and the protein concentra- 
tion averaged 43 per cent. The fat content could not be 
determined accurately because of the presence of lard 
oil used as antifoamign agent. Fat content of T. nudum 


\- 
n 
n 
m 
m 
es 
on 
he 
lus, 
ate 
ues 


8 


mycelium grown in shaken flasks on this medium was 
about 4 per cent (Reusser et al., 1957a). The fermenta- 
tive efficiency, about 21 per cent, calculated as a per- 
centage of the original reducing substances, was 
slightly lower than that obtained on molasses media, 
but compared favorably with that reported for Agaricus 
blazei (Block et al., 1953). 


Essential Amino Acid Composition of the Mycelium 


The tryptophane content of the protein (table 5) 
was considerably higher than that previously reported 
for yeasts (Prescott and Dunn, 1949). All other essen- 
tial amino acids were present in approximately the same 
concentrations as in yeast protein. 


DIscUSSION 


Tricholoma nudum appeared to be a_ potentially 
valuable source of food and fodder protein. It had about 
the same content of protein as fodder yeast, and con- 
tained approximately the same concentration of es- 
sential amino acids. The B vitamin content was suffi- 
cient to maintain normal growth of mice when the dried 
mycelium, in a concentration of 5 per cent of the ration 
by weight, was used to replace the vitamins in a syn- 
thetic diet (J. M. Bell, Personal Communication). 

Utilization of the sugars in waste sulfite liquor was 
good, and the organism utilized some of the nonreducing 
materials as well (Reusser et al., 1957a). Recovery of 
the mycelium, by filtration rather than by centrifuga- 
tion, was easier than with yeast. The flavor and aroma 
of the dried mycelium were observed to be distinctive 
and pleasant. 


SUMMARY 


The yields of dry matter, protein, and fat obtained 
when Tricholoma nudum was grown in submerged 
culture were studied under a variety of conditions. The 
organism utilized a large number of carbon and nitrogen 
sources. Ammonium tartrate was a satisfactory nitrogen 
source, though other ammonium compounds could be 
used if the buffering capacity of the medium was suffi- 
ciently high. Nitrate and urea depressed the protein 
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content of the mycelium and altered its morphology. 
The yield of protein increased and the yield of fat de- 
creased as the nitrogen concentration in the medium 
was increased. 

The pH optimum was in the range 3.5 to 4.5. Changes 
in aeration rate or phosphate concentration, over the 
ranges studied, had little effect on mycelial yield or 
composition. 

Molasses and waste sulfite liquor were satisfactory 
substrates. The essential amino acid composition of the 
protein was approximately the same for both substrates 
and was similar to that of fodder yeast. 
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Various investigators have suggested that antibiotic 
resistant cultures might be used in the manufacture of 
cultured dairy products from milk containing traces 
of antibiotics following antibiotic therapy (Hargrove 
et al., 1950; Katznelson and Hood, 1949; and Krienke, 
1950). Angelotti (1955) developed four oxytetracycline 
resistant strains of Streptococcus lactis and noticed that 
these cultures grew normally, but could not produce 
desirable amounts of acid. He observed that the 
resistant cultures were capable of utilizing lactose, 
at least partially, by an alternate pathway. He also 
observed differences in amino acid metabolism of the 
sensitive and resistant cultures in that the addition of 
certain amino acids to the medium accelerated the acid 
production of the resistant cultures but not that of 
the sensitive strain. Limited studies using C'™ labeled 
glucose showed that only 75 per cent of the lactic acid 
formed by the resistant culture came from glucose 
(Angelotti, Harper, and Weiser, 1955, Unpublished 
Data). Similar observations relative to the changes in 
the physiology of Escherichia coli upon the development 
of resistance to chlortetracycline and dihydrostrepto- 
mycin have been reported by Saz ef al. (1956) and Roote 
and Polglase (1955), respectively. 

The present studies were conducted to investigate 
in greater detail the physiological differences relative 
to the acid production of the oxytetracycline sensitive 


and resistant S. lactis strain 10A cultures studied by: 


Angelotti (1955). 
EXPERIMENTAL METHODS 


Development of resistant cultures. The resistant strain 
of S. lactis 10A used by Angelotti (1955) had been 
stored in the frozen state for a long period of time, and 
had partially lost its resistance to oxytetracycline. The 
culture originally resistant to 100 ppm oxytetracycline 
was resistant to only 0.5 ppm. Resistance to 100 ppm 
was restored after nine to ten serial transfers of the 
organisms in milk containing increasing concentrations 

1 Technical paper 5:57, Department of Dairy Technology, 
The Ohio State University. Supported in part by a grant from 
the U.S. Public Health Service (National Institutes of Health) 
and by the Ohio Dairy Products Research Fund. 


2 Present address: Department of Dairy Husbandry, Uni- 
versity of Nebraska, Lincoln, Nebraska. 


of the antibiotic. Stock cultures of the sensitive and 
resistant strains of S. lactis 10A used throughout this 
study were carried in a milk medium, and incubated 
at 30 C for 12 to 16 hr. One hundred ppm of oxytetra- 
cycline was added to the medium for the resistant 
culture. 

Trials were conducted to determine if the rate of 
growth and acid development by the sensitive and re- 
sistant organisms were similar as observed by Angelotti. 
The bacterial numbers were determined by the plate 
count method and the acidity was determined by titrat- 
ing an aliquot of the milk with 0.1 N sodium hydroxide 
using phenolphthalein as the indicator. The results are 
presented in figure 1. It was observed that both cultures 
multiplied at almost the same rate, and that the 
resistant culture produced a lower amount of acid 
and at a slower rate than did the sensitive culture. 
These findings agree closely with the observations of 
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Figure 1. Relative growth and acid production by oxytetra- 
cycline sensitive and resistant Streptococcus lactis strain 10A. 
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Angelotti (1955). In general, the sensitive culture pro- 
duced an adequate amount of acid in 6 to 8 hr to coagu- 
late the milk, and the resistant culture took 12 to 14 hr 
to coagulate the milk. The rate and amount of acid pro- 
duction by the resistant culture was the same whether 
or not the milk contained the antibiotic. The lower 
amount of acid produced by the resistant culture was 
thought to be caused by differences in the physiology 
of these cultures since multiplication of cells of the two 
cultures were similar. 

Resistance to other antibiotics. Trials were made to 
determine the sentitivity of oxytetracycline sensitive 
and resistant cultures to other antibiotics. Concentra- 
tions of penicillin, dihydrostreptomycin, chlortetra- 
cycline, and tetracycline varying between 0.01 and 100 
ppm were added to milk media inoculated with 5 per 
cent of sensitive or resistant S. lactis 10A cultures. 
The milk was then incubated at 30 C for 16 hr. At the 
end of the incubation period, the coagulation of milk 
was taken as the criterion of the growth of the cultures. 
The samples which had coagulated were designated 
with a plus sign; the samples showing partial coagula- 
tion due to milk inhibition were designated witha plus- 
minus sign; and the samples which showed no coagula- 
tion were considered to have been inhibited completely, 
and were designated with a minus sign. Typical results 
of four trials are presented in table 1. The sensitive and 
resistant cultures varied in their resistance to the four 
antibiotics. The sensitive organism was resistant to0.05 
ppm penicillin, chlortetracycline, and tetracycline and 
resistant to 0.5 ppm streptomycin, but was inhibited 
completely by higher concentrations. The resistant 
culture was slightly less resistant to streptomycin, 
slightly more resistant to penicillin, and markedly more 
resistant to chlortetracycline and tetracycline than the 


TABLE 1 
Effect of penicillin, streptomycin, chlortetracycline, and 
tetracycline upon the growth of oxrytetracycline sensitive and 
resistant Streptococcus lactis 10A cultures 


| 
Sensitive* | Resistant* 


i- ; hlor- | | Anti- |p... | | - | 
Peni- Strepto- | Tetra- | |Peni-'Strepto-| \Tetra- 


Added cillin| mycin cycline | cycline | Added [callin | mycin | cycline \cycline 


| | 


ppm | ppm | 
0.01; +) + + + | 0011+) + + | + 
0.05; + 0.05 + + + i + 
+ | — | + | 0104] + | + | + 
050 | — | 053 +) +) + 
5.00 + | + 
10.00 | + | + 
25.00 = | + 
50.00 | + 
100.00 = 
*+ = Very good growth; + = partial growth; — = no 

growth. 
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sensitive strain. The oxytetracycline resistant culture 
could grow in the presence of 25 ppm chlortetracycline, 
but not 50 ppm; whereas it grew in the presence of 50 
ppm tetracycline, but not in 100 ppm. 

Effect of phosphate esters upon acid production. 
Angelotti found indications of physiological differences 
between the sensitive and resistant cultures but had 
no definite conclusions as to the exact change(s) in- 
volved. The lactic acid starter cultures convert sugars 
to lactic acid by glycolysis in which the intermediary 
steps involve the formation of sugar phosphate esters. 
In the preliminary trials, since the resistant culture did 
not produce a normal amount of acid, it was felt that 
during the development of resistance certain glycolytic 
reactions might have been blocked or altered. Therefore, 
studies were conducted to determine if the addition of 
various phosphate esters to the media would stimulate 
the acid production of the resistant culture. 

Different lots of sterile milk were inoculated with 5 
per cent of 16-hr-old sensitive or resistant cultures. To 
the samples inoculated with the resistant culture were 
also added 100 ppm of oxytetracycline and _ sterile 
solutions of various compounds reported to be en- 
countered in the glycolysis. These compounds were 
added at the rate of 0.1 per cent in the final mixture. 
These small concentrations were used in order to simu- 
late conditions that might prevail in milk inoculated 
with normal cultues. Titratable acidity was determined 
immediately and after 6, 12, 24, 36, and 48 hr of incu- 
bation at 30C. Representative data for titratable 
acidity produced at the end of 6, 24, and 48 hr are pre- 
sented in table 2 to show the range of values obtained 
in various trials with only some of the compounds 
investigated. Similar agreement was obtained between 
trials with all the other compounds. 

In table 3 are given the average values on relative 
basis of titratable acidity produced by the sensitive 
and resistant cultures and by the resistant culture sup- 
plemented with various compounds. These results are 
averages of three to six trials. The acid produced by 
resistant cultures without additives was considered as a 
control. The acid production of the cultures containing 
additives was compared to that produced by the control 
samples and their acid production is recorded on the 
relative basis considering 100 per cent for the control 
(resistant with no additive). A few compounds either 
increased or decreased the initial acidity of milk prior 
to incubation, and appropriate corrections were made 
in calculating the results. 

Glucose-l-phosphate and _ fructose-1 ,6-diphosphate 
accelerated appreciably the acidity produced by the 
resistant organisms. In the presence of these compounds 
the culture produced as much acid after 48 hr as was 
produced by the sensitive organisms. However, the 
rate of acid production was not as fast as by the sensi- 
tive culture. Glucose-6-phosphate, fructose-6-phos- 


| 

« 

- 

4 


1958] OXYTETRACYCLINE SENSITIVE AND RESISTANT ORGANISMS 11 


phate, phosphoglyceric acid, and diphosphoglyceral- 
dehyde accelerated the acid production of the resistant 
culture by about 10 per cent. Ribose-5-phosphate and 
galactose-6-phosphate had no effect, whereas phos- 
phopyruvate showed a slight depressing effect on acid 
production. The results obtained in different trials did 
not vary widely. In general, the sensitive culture pro- 
duced acid at a much faster rate than the resistant 
culture. At the end of 6 to 12 hr it produced 58 per cent 
more acid, and at the end of 48 hr there was 30 per cent 
more acid than that produced by the resistant culture. 

Since glucose-1-phosphate and fructose-1 ,6-diphos- 

phate accelerated the acid production of the resistant 
organisms, studies were conducted to determine their 
effect on the acid production of the sensitive organisms. 
Although glucose-1-phosphate and fructose-1 ,6-diphos- 
phate accelerated the acid production of the resistant 
organisms, they were found to be without effect in this 
regard on the sensitive organisms as may be seen by 
the results in table 4. 

Effect of certain enzymes and related compounds upon 
acid production. Using the same procedure, studies were 
conducted to determine the effect of several enzymes 
and co-factors upon the acid production of the resistant 
organisms. These compounds were added at the rate 
of 0.5 mg per 100 ml of milk. Average results of three 
to four trials are presented in table 5. The results ob- 


tained in different trials did not vary widely. At the 
end of 48 hr of incubation, coenzyme I accelerated the 
acid production of the resistant culture by 20 per cent 
and lactase by 10 per cent. Phosphorylase, aldolase, 
and adenosine triphosphate (ATP) had no appreciable 
effect. 

Phosphorus metabolism. To obtain more information 
on the physiological changes that accompanied the 


attainment of antibiotic resistance, studies were con- 


ducted using P® as a tracer. 

Radioactive phosphorus (specific activity of 1 me 
per mg) was added to milk to give 1 ue per 10 ml of 
milk, and its uptake was determined in the cells of two 
cultures during incubation. The concentration of P* 
was determined with a thin window Geiger tube (1.4 
mg per cm’). Corrections were made for self absorption 
and geometry. The growth of the two organisms, as 
determined by plate counts, was nearly identical. The 
rate of P® uptake of the same weight of cells of both 
cultures was identical during the first 2 hr, as shown in 
figure 2. This was followed by a slower uptake by the 
resistant cells than by the sensitive cells. At the end of 
24 hr the resistant cells had taken up to 60 to 70 per 
cent as much P® as the sensitive cells. 

Further studies were conducted to determine the ef- 
fect of P® in the formation of organic phosphate esters 
by both the sensitive and resistant cells. Both milk and 


TABLE 2 
Accelerating effect of certain compounds upon acid production by oxrytetracycline resistant and sensitive Streptococcus lactis 10 A 
Per Cent Titratable Acidity 

Culture and Supplement 6 hr 24 hr 48 hr 
Range | Range Avg Range } Avg 
Resistant (control)... 6 0.27-0.34 0.32 0.52-0.61 0.59 0.61-0.66 0.64 
Resistant + glucose-1-phosphate....| 4 0.33-0.36 0.34 | 0.68-0.76 | 0.71 0.74-0.93 0.84 

Resistant + fructose-1,6-diphos- | 
Resistant + coenzyme I............. 4 0.34-0.40 | 0.36 0.62-0.71 | 0.65 0.75-0.84 0.77 


TABLE 3 
Effect of certain phosphate esters upon acid production by the oxytetracycline resistant Streptococcus lactis 10A culture 


| | Per Cent Relative Acid Production as Compared to that Produced by the Resistant Culture 


No. | Culture and Supplement 
6hr | 12hr 24 hr 36 hr 48 hr 
1 Resistant (control) 100 100 100 100 100 
2 Sensitive 158 157 138 | 131 130 
3 Resistant + glucose-1-phosphate 105 115 121 130 131 
4 Resistant + fructose-1,6-diphosphate 103 107 106 115 | 120 
5 Resistant + glucose-6-phosphate 104 103 104 109 112 
6 Resistant + fructose-6-phosphate | 101 124 114 — 112 
7 Resistant + phosphoglyceric acid A 88 93 106 111 111 
8 Resistant + diphosphoglyceraldehyde + 77 98 102 _ 110 
9 Resistant + ribose-5-phosphate : 103 101 100 98 101 
10 Resistant + galactose-6-phosphate 104 96 98 100 100 
11 Resistant + phosphopyruvate | 92 92 85 87 88 
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broth media were used in these experiments. The results 
were similar in both, but the broth medium was pre- 
ferred for the study since P® could be added as the 
sole source of available phosphorus. 

After incubation for various lengths of time the cells 
were autolyzed by means of a Raytheon 200 watt 10 ke 
magnetostriction oscillator? for 15 min. Trichloracetic 
acid was used to precipitate the proteins and a known 
quantity of the supernatant fluid was chromatographed 
for the determination of phosphate esters by the method 
of Bandurski and Axelrod (1951). The compounds were 
located on the chromatograph with the use of a Geiger 
counter and by means of autoradiographs. The inor- 
ganic and organic phosphates were differentiated by 
developing color by spraying with perchloric acid spray 
reagent and by exposure to 2600 A ultraviolet light 
(Bandurski and Axelrod, 1951). Various organic phos- 
phate esters were identified by their R; values. The 
chromatograph was obtained with a 10 ug aliquot ob- 
tained from the same weight of cell after autolysis. 

A typical autoradiograph of an ascending chromato- 
gram of the cultures incubated in the presence of P® 
for 4 and 8 hr is shown in figure 3. The results show 
marked differences in the sensitive and resistant cul- 
tures. The photograph does not show clearly the differ- 


3 Raytheon Corp., Waltham, Massachusetts. 


TABLE 4 


Effect of certain phosphate esters upon acid production by the 
oxytetracycline sensitive Streptococcus lactis 10A 


| Per Cent Titratable Acidity 
Culture and Supplement 


| Obr | Ohr | 12hr | 2hr | 36hr | 48 hr 
Sensitive............ 0.23 | 0.49 | 0.71 | 0.79 | 0.84 | 0.86 
Sensitive + glucose- | 
1-phosphate. ...... 0.23 | 0.48 0.73 0.80 0.86 | 0.87 


Sensitive + fructose- 
1,6-diphosphate. ..| 0.24 


| 
| 
| 


0.53 | 0.72 0.79 | 0.85 | 0.86 


[voL. 6 


ences in specific compounds. Counts obtained at 5 mm 
intervals using a thin window Geiger tube (1.4 mg per 
em?) with a 2 mm slit in the lead shield over the tube 
are shown in table 6. At 4 hr of incubation, the sensitive 
culture showed the presence of radioactive glucose-1- 
phosphate, fructose-6-phosphate, fructose-1 ,6-diphos- 
phate, and orthophosphate, whereas the resistant cul- 
ture showed only orthophosphate. At 8 hr of incubation, 
fructose-6-phosphate and traces of fructose-1 ,6-di- 
phosphate were found in the sensitive culture and only 
traces of the latter compound were found in the 
resistant one. 

Although not shown in this chromatograph, adenosine 
diphosphate (ADP) and ATP were present in some 
trials with both sensitive and resistant organisms at the 
end of 4 and 8 hr of incubation. On further incubation 
the sugar phosphates disappeared from the normal 
cultures, whereas at the end of 24 hr the three sugar 
phosphates were present in the resistant cultures. 

The data reveal that definite physiological differences 
exist in the phosphorus metabolism of the oxytetra- 
cycline sensitive and resistant cultures. Rosanoff and 
Sevag (1953) have also reported that in Escherichia coli 
the development of resistance to streptomycin was 
associated with a change in their glucose metabolism 
in that the sensitive strain utilized glucose nonfermenta- 
tively and the resistant strain utilized it homo-fermen- 
tatively. In the present study, the marked stimulatory 
effect of glucose-1-phosphate, the relatively slow incor- 
poration of P® into cells, and the lack of formation of 
sugar-phosphate esters by the resistant cells during 


TABLE 5 
Effect of certain enzymes and related compounds upon acid 
production by the oxytetracycline resistant Streptococcus 


lactis 10A 
| Per Cent Relative Acid Production as 
Compared to that Produced by the 
No. Culture and Supplement | Resistant Culture 
6 hr | 12 hr | 24hr | 36hr | 48hr 
1 | Resistant (control) | 100 | 100 | 100 | 100 | 100 
2 | Resistant + co- | 114 | 102 | 110 | 119 | 120 
enzyme I | | 
3 | Resistant + lactase) 103 107. 111 | — | 110 
4 | Resistant + phos-| 100 | 105 102 | 101 | 103 
phorylase 
5 | Resistant + aldo-| 104 | 103 99 | 98 | 97 
lase 
6 Resistant + ATP = 100 101 | 95 98 98 
(adenosine tri- 
phosphate) | 
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Figure 2. Uptake of P*? by the oxytetracycline sensitive and 
resistant Streptococcus lactis strain 10A. 
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early stages of incubation indicate that the poor acid 
production is directly related to the phophorylation 
system. In these studies, the phosphorylation seems 
to be unrelated to the formation of ATP. The slower 
acid production may be caused by the inhibition of the 
enzyme phosphorylase, which is responsible for glu- 
cose-1-phosphate formation. Phosphorylase when sup- 
plied in the medium was ineffective, perhaps because 
it could not permeate through the cell membrane. 
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SUMMARY 


As compared to the sensitive strain, the oxytetracy- 


cline resistant strain of Streptococcus lactis 10A exhibited 


normal growth but produced a lower amount of acid. 
Therefore, attention was directed to the phosphorus 
metabolism to determine the role it would play in this 
connection. The resistant and sensitive cultures showed 
marked differences in their phosphate metabolism. 
The acid production of the resistant culture was greatly 
accelerated by the addition of glucose-1-phosphate and 


Figure 3. Autoradiograph of phosphate chromatogram of 4- and 8-hr-old cultures. From left to right : 4-hr-old sensitive; 8-hr-old 
sensitive; 4-hr-old resistant; and 8-hr-old resistant. From top to bottom: (1) Orthonhosphate; (2) fructose-1,6-diphosphate; (3) 


fructose-6-phosphate; and (4) glucose-1-phosphate. 
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‘TABLE 6 


Distribution of P® on chromatograph of phosphate compounds 
from oxytetracycline sensitive and resistant S. lactis 10A 


Net Counts Per Min.+ 
— Sensitive Resistant 
4 hrs 8 hrs 4 hrs 8 hrs 
1 0 0 0 0 
2 0 0 0 0 
3 0 0 0 0 
4 0 0 0 0 
5 4.8 0 0 0 
6 22.4 0 0 0 
7 28.8 2.4 0 0 
8 1.6 2.4 0 0 
9 4.7 3.6 0 0 
10 21.6 6.5 0 0 
ll 28.7 20.0 0 0 
12 16.8 26.4 0 0 
13 4.9 29.6 0 0 
14 60.0 3.6 0 0 
15 164.8 1.0 0 0 
16 137.2 8.0 0 2.4 
17 130.4 16.3 0 16.8 
18 177.6 10.4 0 4.0 
19 244.8 69.6 0 0 
20 380.8 165.6 2 0 
21 412.8 368.0 5 7 
22 528.0 532.0 44.8 78.4 
23 512.0 596.3 106.0 206.1 
24 412.0 512.7 276.0 389.0 
25 441.7 592.1 319.7 400.0 
26 368.8 525.6 207.6 274.4 
27 220.8 292.8 37.6 20.3 
28 24.8 12.8 0 0 
29 0 0 0 0 
30 0 0 0 0 


* Counts made at intervals of 5 mm, with fraction 1 at 
base line. 

t+ Counts corrected for background and loss of half life 
during counting and based on 1 hr counts for values less than 
100 cpm and on 30 min counts for counts of more than 100 cpm. 


fructose-1 ,6-diphosphate. P® studies revealed a much 
slower uptake of phosphorus by the cells of the resistant 
culture than by the sensitive cells. Chromatographic 
analysis revealed that upon the development of re- 
sistance the organisms were inhibited in their synthesis 
of sugar phosphate esters. The inability of oxytetra- 
cycline resistant S. lactis to produce acid rapidly 
appears to be due to the failure of the organisms to as- 
similate phosphorus rapidly and to the slow sugar- 
phosphate synthesis which results in their slower acid 
production. The underlying cause of this metabolic 
defect requires further study. 
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Various types of pilot plant and laboratory-size 
submerged culture fermentors have been described 
recently. Most of the laboratory-size fermentors of 5- 
to 30-L capacity consist either of large Pyrex jars or of 
stainless steel containers, equipped with metal covers 
and devices for securing them. The accessories, such 
as agitators, aerators, air outlets, sampling cocks, and 
baffles, are fitted to the cover. The assembly is placed 
generally in a constant temperature bath. Fermentors 
of this general description have been described by 
Bartholomew et al. (1950), Rivett et al. (1950), Brown 
and Peterson (1950), Chain et al. (1954a), Friedland 
et al. (1956), and others. 

Fermentors of a larger pilot plant size (50 L to 2000 
gallons) have been described to a more limited extent, 
and generally resemble plant-scale equipment more 
closely than the smaller laboratory-scale models. 
Stefaniak et al. (1946) reported on a 100-gallon fermen- 
tor, and Gordon et al. (1947) described, in somewhat 
more detail, a 50-gallon, glass-lined fermentor assembly. 
Pfeifer et al. (1952) and Blom et al. (1952) reported on a 
battery of 80-, 300-, and 600-gallon pilot plant fer- 
mentors. Dworschack et al. (1954) described a battery 
of 20-L fermentors that closely resemble the plant-scale 
equipment and which possessed quite a few interesting 
details. The most comprehensive description of pilot 
plant equipment that is available is undoubtedly the 
series of articles by Chain and his co-workers (1954b). 
Paladino et al. (1954) provided complete details of 90- 
and 300-L fermentation units. Several photographs and 
several dozen detailed working-drawings were pre- 
sented. The entire layout of the pilot plant equipment 
was outlined by Chain et al. (1954b) which consisted 
of several dozen 90- and 300-L fermentors, a full battery 
of 10-L fermentors, incubators, a cold storage room, a 
complete preparation room (with extractors, filters and 
so forth), a solvent recovery plant, and several large 
autoclaves. The most recent paper on large-scale equip- 
ment was that of Kroll et al. (1956) which described 
50-L top-mounted tanks with unique teflon-packed 
stuffing boxes for the agitator. A novel sight-glass and 
additive reservoir system were included. Nelson et al. 
(1956) described a 20-L fermentor with many control 
features including a torsion dynamometer for power 


‘Contribution No. 329 from the Department of Food 
Technology. 


15 


measurements, an oxygen and carbon dioxide analyzer, 
and a pH recorder. 


DESCRIPTION OF THE FERMENTOR 


The fermentor described herein is of 50-gallon size 
with various accessory equipment, such as pH control, 
antifoam control, and central control panels. An over- 
all view of the fermentor is shown in figure 1. A detailed 
flow diagram is shown in figure 2 with a list of the most 


Figure 1. An over-all view of the pilot plant fermentor 
(reproduced by permission of the editors of Food Technology). 
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important equipment given in table 1, utilizing the 
abbreviations given in the flow diagram. 


Construction Details 


The basic fermentor consists of a 50-gallon stainless 
steel pressure reactor, 2 ft in diameter, with a steel 
jacket. Agitation is obtained by means of a 1 HP motor 
reduced through a worm-gear reduction coupling. Var- 
iable speed ranges from 70 to 350 rpm are obtained by 
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a Varidrive® control. The agitator blade is a 6-blade, 
90° turbine impeller’. 

The diameter of the impeller is 8 in. and is located 
approximately 12 in. from the bottom of the fermentor. 
However, the bottom is curved with a radius giving an 
offset of about 6 in. from a perfect cylinder. The inside 
diameter of the fermentor is 24 in. and 50 gallons of 

2 United States Electrical Motors Company, Inc., Milford, 
Connecticut. 

3 Mixing Equipment Company, Inc., Rochester, New York 
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medium gives a level inside the fermentor of approxi- 
mately 20 in. The aeration tube outlet is located 2 in. 
below the impeller and consists of an open 34 in. stain- 
less steel pipe. The baffles consist of four strips of stain- 
less steel, each 2 in. wide and mounted vertically 90° 
apart. The stuffing box consists of a lantern bearing of 
Bost-Bronze‘* and nontoxic asbestos packing®. The unit 
is held in place with an adjustable tension fitting. A 
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satisfactory seal was obtained, and a steam seal has 


not proved necessary. 


A novel steam-sealed removable handhole is located 
in the cover of the fermentor. A shallow groove is cut 
in the face of the flange, with an asbestos gasket form- 
ing the upper seal to the chamber. Steam is continually 
passed through the chamber when the handhole is in 
place. A drawing of this arrangement is shown in 


figure 3. 


The temperature control system for the fermentor 
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TABLE 1 


Code names for pilot plant fermentor 


Code 


Explanation 


AG-1 


BE-1 
DRV-1, DRV-2 


EL-1 


FA-1 


FIL-1 to FIL-3 
MA-1 
PA-3 
PA-4 
PC-1 


PC-2 


PC-3 


PC-4 to PC-?7 


pH-AM-1 


pH-RC-1 


PI-1 to PI-7 


PL-1 to PL-4 
POS-1 
POS-2 to POS-4 


PU-1, PU-2 
PU-3 

PU-4 

R-1 to R-3 


RE-1 


RV-1 to RV-4 
SOL-1 
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TABLE 1—Continued 
Code Explanation 
ST-1 to ST-4 Steam traps. 


Agitator assembly, model LGR, with 
model S-7205 reducer, International 
Engineering Co., Dayton, Ohio. 

Alarm bell. 

Type AB-10-14 Control Valve S.S. 316, 
Conoflow Corp., Philadelphia, Penn- 
sylvania. 

pH Electrode Chamber, Type 7075, 
Beckman Instruments, Inc., Fuller- 
ton, California. 

Foam level probe-type 60ER1, Photo- 
switch Div., Electronics Corp. of 
America, Cambridge, Massachusetts. 

Flowmeter, Rotometer, Type 735, 
Float BSU-44, Tube 4-24-10 Fischer 
and Porter Co., Hatboro, Pennsyl- 
vania. 

Air Filter 14 in. NPT. 

Inoculum jacket. 

Steam-air mixer. 

Agitator support post. 

Back pressure regulator Type 734 CR, 
Fisher Governor Co., Marshalltown, 
Towa. 

Back pressure regulator Type 630, K, 
Fisher Governor Co., Marshalltown, 
Iowa. 

Pressure reducing valve Type KRV, 
Clark Engineering Co., Cleveland, 
Ohio. 

Pressure reducing valve Type 67 RPE, 
Foxboro Co., Foxboro, Massachu- 
setts. 

Amplifier Model W, Beckman Instru- 
ments, Inc., Fullerton, California. 
Recorder Controller Type 152P13V-95, 
Minneapolis-Honeywell Co., Phila- 

delphia, Pennsylvania. 

Pressure gage No. 1010, Ashcroft, 
Manning, Maxwell and Moore, Inc., 
Stratford, Connecticut. 

Pilot lights. 

Positioner Valvactor Type A 1822, Fox- 
boro Co., Foxboro, Massachusetts. 
Positioner Type 72LN315, Moore Prod- 

ucts Co., Philadelphia, Pennsylvania. 

Pump, centrifugal Type D-11, 8.8. 316, 
Eastern Industries, Inc., New Haven, 
Connecticut. 

Pump centrifugal Type E-1, Eastern 
Industries, Inc., New Haven, Con- 
necticut 

Pump, centrifugal Model UA, Cherry 
Burrell Corp., Chicago, Illinois. 

Reservoir 

Relay Type 10CB1, Photoswitch Div., 
Electronics Corp. of America, Cam- 
bridge, Massachusetts. 

Safety valve. 

Solenoid valve No. 82625 4 in., Auto- 
matie Switch Co., Orange, New Jer- 
sey. 


STR-1 to STR-4 Strainers. 

SW-1 to SW-6 Switches. 

TI-1 Temperature Indicator Model 2211 
Weston Electrical Instrument Co., 
Newark, New Jersey. 


TK-1 Fermentor. 

TK-2 Air filter. 

TK-4 Humidifier. 

TK-5 Pre-mix Tank Model UA-S 50, Cherry 
Burrell Corp., Chieago, Illinois. 

TRC-1 Temperature Recorder Controller Type 


122RN125, Taylor Instrument Co., 
Rochester, New York. 


TRC-1-V Diaphragm Valve Type 567 14 in., 
Fisher Governor Co., Marshalltown, 
Towa. 

TRC-2-V Diaphragm Valve Type 3174 '4 in., 
Hammel-Dahl Co., Providence, 


Rhode Island. 


utilizes two split-range diaphragm valves, one for 
steam and one for water. By means of a positioner, the 
steam valve, which is air-to-open, is set for a range of 
air pressure from 3 to 8 psig. The water valve is set by 
another positioner to operate over the range of 8.5 to 
15 psig and is of the air-to-close type. The input signal 
to the valves is from a temperature recorder-controller 
(TRC-1) with proportional and reset action. The 
system is capable of maintaining a constant tempera- 
ture within less than +0.2 C over a range of 15 to 125C. 
A diagram of this control system is shown in figure 2. 
The two control valves are denoted as TRC-1-V and 
TRC-2-V. 

A novel system for preventing the usual knock, ex- 
perienced when live steam mixes with cold water, is 
also utilized. A small amount of air is continually in- 
jected into a mixer, which, when steam is entering the 
jacket, mixes with the steam supply. The air pressure 
is set by means of a pressure regulating valve to the 
same pressure as the steam supply. The mechanism 
whereby the air alleviates the knocking of the steam 
is thought to be twofold. Firstly, since the air is in- 
termittently mixed with the steam the contraction is 
not to as small a volume, and the air adsorbs some of 
the shock of the sudden contraction due to its being a 
compressible fluid. Secondly, the heat transfer coefficient 
is less and hence the transfer of heat from the steam 
to the water occurs at a slower rate. 

Steam seals are provided on both the product line 
and the sampling line. The diagram of the sampling line 
is shown in the schematic flow sheet (figure 2) where it 
is located on the recirculating system for the pH con- 
trol. A detailed drawing is given in figure 4. The essen- 
tial parts of this system are valves 163, 164, 165, and 
166. Valves 164 and 165 are 1¢-in. stainless steel needle 
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valves (Lunkenheimer 1732) and are tapped directly 
into the bodies of valves 163 and 166, respectively. The 
latter valves are 3¢-in. and 14-in. stainless steel globe 
valves (Aloyco A-40 A’). A lg-in. by-close stainless 
6 Lukenheimer, Cincinnati, Ohio. 
7 Alloy Steel Products Co., Linden, New Jersey. 
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steel nipple serves as a junction; the pipe is tapped di- 
rectly into the body of the valves. When the fermentor 
is operating, valves 163 and 166 are closed and steam is 
circulated past the seats of the other valves by means 
of valves 164 and 165. To remove a sample aseptically, 
valves 164 and 165 are closed, valve 166 is opened and 
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drained, and a small sample (about 100 ml) is discarded 
by means of valve 163. Valves 163 and 166 are then 
closed and valves 164 and 165 opened. The system is 
then restored to its initial condition. This provides a 
simple system for obtaining representative samples 
aseptically. 

The air supply to the fermentor is sterilized by pas- 
sage through a filter (TK-2) which is 4 ft high, 6 in. 
in diameter, and packed with carbon (10 by 20 mesh); 
humidified by passage through a column packed with 
stainless steel wool (7K-3); and metered into the fer- 
mentation tank by means of valve 115 and the flow 
indicator FJ-1. The air filter may be sterilized by live 
steam regulated from the control panel (valve 105). The 
steam for humidification is supplied by valve 107. The 
air exhaust is regulated by two back-pressure regulators 
PC-1 and PC-2. The air inlet is generally an open 
14-in. pipe impinging directly on the impeller, but 
other types of sparging may be substituted. 

The antifoam control system is quite similar to other 
types that have been described in the literature 
(Dworschack et al. 1954; Chain et al., 1954a; Bar- 
tholomew and Kozlow, 1957). A flow diagram of the 
system is given in figure 5. The antifoam reservoir con- 
sists of a section of Pyrex pipe*. The antifoam is me- 
tered from the supply source by means of a !¢-in. 
solenoid valve (SOL-/) and the flow constricted by 
means of a 3-in. length of pipe whose nominal outside 


5 Corning Glass Works, Corning, New York. 
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Figure 4. Detail of the sampling device. 
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diameter is 1g in. with an inner diameter of %g¢ in. 
When foam contacts the probe (FA-/) this actuates a 
level control relay (RE-1) which activates the solenoid 
valve. A time delay mechanism is inserted in the system 
which consists of a synchronous 1 rpm motor, a cam, 
and a micro-switch. An alarm bell (BE-/) is also con- 
nected to the circuit. 

The pH control system utilizes a continuous flow 
system. Various types of pH control systems have 
been described in the literature, for example by Longs- 
worth and MacInnes (1935), Brown and Peterson 
(1950), Kempe et al. (1950), Hosler and Johnson (1953), 
Lakata (1954), McKee (1955), Callow and Pirt (1956), 
Deindoerfer and Wilker (1957), and Nelson et al. (1956). 
However, only a few authors have discussed the 
utilization of a flow type system (Blom et al., 1952). 

The system described herein circulates liquid from 
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the bottom of the fermentor, by means of a pump 
(PU-1), past the pH electrode chamber (E£L-/). The 
electrodes normally utilized have been the Beckman 
Type 8970-90 reference cell, Type 8990-90 glass elec- 
trode, and Type 7483 thermo compensator. The ampli- 
fier utilized is a Beckman Model W unit (pH-AM-1), 
whose output is recorded by the recorder-controller 
(pH-RC-1). The output from the recorder operates a 
diaphragm control valve (DRV-1) which meters in 
base as required from a reservoir (R-1). The reservoir 
is of 5-gallon capacity, and may be steam sterilized 
from the central panel. A pressure balance line, con- 
nected to the fermentor, permits the flow of alkali by 
gravity. 

During sterilization, the electrodes may be removed 
from the chamber and the openings sealed with rubber 
stoppers. The chamber may then be sterilized with 
steam. The electrodes may be sanitized chemically, 
and, after the fermentor is sterilized, replaced asep- 
tically in the chamber. Since the only part of the elec- 
trodes which is in contact with the medium is glass, no 
serious complications with contamination have been 
noted. The sensitive wire connections need not be 
subjected to sterilization. 
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To allow maximum versatility in operation of the pH 
control system, the valves DRV-1 and DRV-2 are 
equipped with positioners (POS-3, POS-4) and can be 
set with split ranges. Thus, both base and acid can be 
added automatically if desired, in an analogous manner 
to the steam and water valves on the temperature con- 
trol system. 

An inoculum jacket is provided on the system, so 
that inoculum can be added through this fitting. It can 
be sterilized by steam from the control panel. How- 
ever, an external container must be attached to the 
jacket, and then inoculation made from this container. 


DIscussIoN 


The fermentation equipment described herein has 
proved suitable for the operation of fermentations under 
controlled conditions. Aseptic conditions may be ob- 
tained readily throughout the system and be main- 
tained satisfactorily. 

The temperature control system operates satis- 
factorily with varying loads with an accuracy of 
+0.2 C. 

The pH control system operates efficiently for the 
automatic addition of alkali. Control to within +0.1 


TABLE 2 
Typical fermentations studied in 50-gallon fermentor 


Fermentation Medium 


Conditions Studied 


Yields Remarks 


Cane-beet molasses 
with salt enrichment, 
150 L 


Bakers’ yeast propaga- 
tion* 
Saccharomyces cerevisiae 


Bakers’ yeast propaga- 
tiont 
S. cerevisiae 


Semi-synthetic me- 
dium, 150 L 


Automatic sugar ad-| 92% to 172% wet yeast of 
dition, pH control 


Automatic sugar ad-| 64% to 151% wet yeast of 
dition, pH control 


Used control refractometer 
to automatically add mo- 
lasses as required. Aera- 
tion rates used 1.2 to 4.0 
ft/min superficial velocity 

Used control refractometer 

25% solids based on to automatically add 

sugar utilized sugar as required. Aera- 

tion rate 1.2 to 4.2 ft/min 
superficial velocity 


25% solids based on su- 
gar utilized 


Amylase productiont 
Bacillus subtilis NRRL 
B941 


Streptomycin produc- 
tion 

Streptomyces griseus 
ATCC 10137 


Submerged mushroom 
production** 

Agaricus campestris 
NRRL2334 


12% Distillers’ solubles 
+ 0.7% sodium hy- 
droxide, 150 L 


Soybean meal, glucose, 
sodium chloride me- 
dium||, 125 L 


Medium of Humfeld 
and Sugiharaft + 
1% mushroom ex- 
tract. 


pH 6.5 to 7.0 initial.| No pH control yield 55 


Studied yields at 
control vs. no con- 


trol of pH 


pH Recording, no 
control 


Effect of extract on 


flavor 


units/ml, 52 hr fermen- 
tation. pH Control at 
7.7 yield 28 units/ml, 70 
hr fermentation 
Approximately 100 mg/L 
based on hydrochloride 


5.3 g Moist mushroom/100 
ml medium 


Yield measured by method 
of Beckford et al.§ Aera- 
tion rate 0.5 ft/min super- 
ficial velocity 


Recovered by ion exchange 
onto column of Amberlite 
IRC-50 after 7 days’ fer- 
mentation. Aeration rate 
1.2 ft/min 

Problem encountered with 
excessive foaming 


* Fuld and Dunn, 1957b. 
t Fuld and Dunn, 1957a. 
¢ Mas Urioste, 1957. 

§ Beckford et al., 1945. 


{| Class Report, Biochemical Engineering, Massachusetts Institute of Technology, 1956. 


|| Rake and Donovick, 1946. 
** O'Neil, 1956. 
tt Humfeld and Sugihara, 1949. 
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pH unit is possible. The system which utilizes both 
automatic base and acid addition has not been exten- 
sively investigated up to the present time. The major 
advantage of the present system is the ready accessi- 
bility of the electrodes. 

The automatic antifoam control system operates 
satisfactorily, although a variable time-delay relay 
would undoubtedly prove more convenient than the 
fixed delay system used at present. 

The fermentation equipment has been used success- 
fully over a period of 3 years. Various kinds of aerobic 
propagations and fermentations have been conducted 
with the equipment. Among those investigated have 
been the propagation of bakers’ yeast and mushroom 
mycelium, the streptomycin fermentation, and the 
production of amylase (table 2). 

The fermentor has been employed for fermentations 
in which refractive index was utilized to control sugar 
concentration in a yeast propagation. Details of these 
experiments have been reported elsewhere (Fuld and 
Dunn, 1957a, b). 

The equipment itself has been used for classroom 
instruction in biochemical engineering for 3 years and 
students have been taught the basic principles of de- 
sign and operation of fermentation equipment with 
this aid. They have been able to conduct successful 
experiments utilizing the equipment. 
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SUMMARY 


A 50-gallon pilot plant fermentor having provisions 
for automatic temperature control, variable speed agi- 
tation, automatic antifoam control, automatic pH con- 
trol, and facilities for air sterilization is described in 
detail. 

The unit has been operated satisfactorily for a period 
of several years and has proved a useful instruction 
and research tool. 
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The demonstration by Muller (1927) and Stadler 
(1928) that mutations could be experimentally pro- 
duced by physical agents (X-rays) was one of the most 
fundamental biological discoveries. Definite proof of the 
mutagenic action evoked by chemical agents awaited 
the 1941 studies of Auerbach, published belatedly due 
to circumstances associated with World War II (Auer- 
bach, 1951). 

Although Drosophila was the organism of choice in 
the original investigations, microorganisms were soon 
recognized as convenient tools for the study of chemical 
mutagenicity (Horowitz et al., 1946; Tatum, 1946; 
Witkin, 1947; Bryson, 1948). Development of the 
mutational system employing the streptomycin-depend- 
ence locus by Bertani (1951) gave further impetus to 
systematic surveys of large numbers of chemicals for 
mutagenic activity on bacteria (Demerec et al., 1951; 
Hemmerly and Demerec, 1955). The use of bacteria in 
mutational studies on carcinogens was reported in 
several papers (cf Scherr et al., 1954). These studies 
demonstrated a close correlation between the carcino- 
genic effect in mammals and the mutagenic effect on 
bacteria, stimulating a wide interest in this field. Other 
fruits of this approach comprised the discovery of 
simple chemical substances capable of producing muta- 
tion within a wide range of concentrations in the 
absence of significant lethal effects (Demerec and 
Hanson, 1951), and the demonstration of a rather 
significant correlation between the antineoplastic ac- 
tivity observed in animal tumor experiments and 
mutational effects as assayed with the bacterial system 
(Gellhorn and Hirschberg, 1955). The subject is com- 
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prehensively reviewed by Boyland (1954) and Burdette 
(1955). 

The present paper describes further simplification of 
the methods used for detection of mutagenic substances 
among pure chemicals and in complex natural sub- 
strates. The modifications introduced should pave the 
way for efficient large-scale surveys for these remark- 
able agents, which show pronounced direct or indirect 
effects on the hereditary constitution of the cell nucleus 
at relatively nontoxic concentrations. 


MATERIALS AND METHODS 


Media. Difco nutrient broth (8 g per L) was em- 
ployed in most of these studies. Solid media contained 
2 per cent agar or 0.7 per cent agar (soft agar). 
Escherichia coli strain Sd4-73 was grown in nutrient 
broth containing 20 ug per ml of streptomycin, while 
its total count was scored on nutrient agar supple- 
mented with 100 ug per ml of streptomycin. The mini- 
mal medium (7 g K,HPO,; 2 g KH.PO,; 0.5 g Na;- 
citrate-5H.O; 0.1 g MgSO,-7H.O; 2.5 g glucose; 20 g 
agar; 1 L distilled water) for scoring of reversions in the 
cystine locus was supplemented with 100 wg per ml of 
streptomycin. 

Strain. The streptomycin-dependent, cystine-re- 
quiring strain Sd4-73 of Escherichia coli was obtained 
from Dr. M. Demerec of the Cold Spring Harbor 
Laboratories. It was reisolated and a subculture selected 
on the basis of a low background of spontaneous rever- 
sion in the streptomycin-dependence locus. This step 
was resorted to occasionally when the stock culture 
began to yield an increasing number of spontaneous 
revertants. 

Principle of the methods. The methods employ the 
mutational system described by Bertani (1951) and 
subsequently used by Demerec et al. (1951) for detection 
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of bacterial mutagens. Their procedure consisted of 
treatment of a washed bacterial suspension for a 
definite period by the mutagen dissolved in distilled 
water, and plating the treated bacteria and also an 
untreated control suspension, at appropriate dilutions, 
on selective and nonselective media. If the streptomy- 
cin-dependent mutant of E. coli was employed, it was 
plated on nutrient agar containing streptomycin to 
ascertain the total count of bacteria, before and after 
treatment, and on streptomycin-free nutrient agar to 
assay the number of streptomycin nondependent mu- 
tants. This method yielded a quantitative measure of 
mutagenicity expressed as an increase in the propor- 
tion of streptomycin nondependent mutants in the 
population surviving the treatment, when compared 
with the spontaneous mutation frequency. In several 
subsequent studies, Demerec and others (Demerec et 
al., 1951; Hemmerly and Demerec, 1955; Glover, 1956) 
have consistently used the streptomycin-dependence 
locus and, upon comparison with the mutations in 
other loci, have found it to be a very reliable, sensitive, 
and convenient indicator of mutagenicity. The present 
studies with F. coli strain Sd4-73 confirm this conclu- 
sion. Furthermore, as will be described, the use of this 
locus permits study of the mutagenic properties of a 
great variety of products which contain nutrients 
capable of interfering with the mutagenicity assay 
involving many other loci. Bertani’s (1951) studies 
indicated that spontaneous, nondependent mutants 
are mainly streptomycin sensitive, and are thus at a 
selective disadvantage streptomycin-containing 
media. 

The method used by Demerec et al. (1951) gives very 
reliable quantitative results, but is rather cumbersome 
when used as a preliminary screening procedure for a 
great variety of substances. The chief disadvantages in 
this respect are: (1) the large amount of individual 
handling, (2) the separate assay for each concentration 
of the mutagen, and (3) the possible clumping of the 
cells by the chemical, with subsequent distortion of the 
quantitative results. 

In the present studies, the modification of the stand- 
ard methods proceeded independently along two lines. 
The membrane method impinges the treated cells on 
Cellophane or Millipore* membranes, thus avoiding the 
clumping error and still allowing a quantitative assay, 
with the mutagen concentration and the length of 
exposure as independent and controlled variables. The 
paper-dise method simplifies the assay still further and 
permits measuring on one plate the effect of a wide 
range of concentrations and exposure times, sacrificing, 
however, the independent control of variables and the 
quantitative aspects of the results. 

The paper-dise method appears to be well-suited to 
the preliminary survey of a large number of mutagenic 
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substances and materials suspected of containing muta- 
gens. The following sections will describe the details of 
both methods and compare the results with a wide 
array of chemicals and antibiotics. 


The Paper-Disc Method 


A culture of E. coli strain Sd4-73 was prepared in 
nutrient broth containing 20 wg per ml streptomycin 
by incubation overnight at 36 C with aeration. Aeration 
by shaking was found to be as suitable as forced aera- 
tion, contrary to the conclusions of Demerec (1954). 
The culture was centrifuged, washed twice in distilled 
water to remove streptomycin (a compulsory step), 
and resuspended in saline to a concentration of approx- 
imately 10° cells per ml. The number of cells per plate 
was found to be critical, the yield of mutant colonies 
being reduced either by crowding or by insufficient 
population size. A 0.1 ml amount of this suspension was 
inoculated into 2.5 ml of soft nutrient agar (0.7 per cent 
agar) on a base of 20 ml of 2 per cent nutrient agar. 
The use of an additional plate seeded with a tenfold 
lower dilution is recommended. Seeding by layering 
with soft agar was found to give more uniform results 
than spreading the suspension over the surface of the 
medium. After the agar had set, but without much 
further delay, a sterile filter paper disc* of a standard 
diameter of 12.7 mm was placed on the surface of the 
medium and moistened with 0.1 ml of a solution of the 
test chemical. Plates of nutrient agar containing 100 
ug per ml of streptomycin could be seeded in parallel 
to give an indication of the size of the inhibition zone, 
if any, with the amount of the test chemical employed. 
Maximum expression of mutagenicity on streptomycin- 
free test plates was usually obtained when testing 
chemicals at concentration levels where a narrow zone 
of inhibition was demarcated around the disc on strepto- 
mycin-containing control plates. Aqueous solutions of 
test chemicals were used wherever possible. Acetone 
was the solvent for water-insoluble compounds, after 
it was determined that this solvent neither inhibited 
growth nor exhibited detectable mutagenesis. Solutions 
of unstable compounds were prepared just before 
testing. The large majority of compounds reported in 
this paper could also be assayed by placing a few crys- 
tals on the disc moistened with the solvent. In a large 
number of experiments using minimal agar, the cystine 
locus was found to be not sensitive enough to allow its 
application in the test. The use of minimal agar plus 
10 ug per ml of cystine instead of nutrient agar gave 
equally good results, and occasionally even more 
clearly defined mutant colonies. However, since no 
remarkable advantages were gained with this medium, 
there appeared to be no reason for substituting it for a 
convenient routine medium such as nutrient agar. In 
any series of tests, it is an essential and reassuring meas- 
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ure to run controls for spontaneous mutation with dises 
moistened in sterile water or other solvent employed 
in the test. Petri dishes were incubated at 36 C for at 
least 5 days, at which time they were examined for 
mutant colonies. Positive results were characterized by 
the appearance of several colonies around the mutagen- 
saturated discs on nutrient agar, while parallel 
mutagen-free plates exhibited no growth or significantly 
fewer colonies. The mutant colonies were arranged 
around the disc in a ring, the inner and outer radii of 
which were determined by the amount of mutagen, 
toxicity, rate of diffusion, and the range of effective 
mutagenic concentration. The above procedure and the 
described results can be visualized in figure 1. 


The Membrane Method 


In this method, a solution of the test chemical was 
first spread over a well-dried surface of plain 2 per cent 
agar. The plates were allowed to stand for about 1 hr 
to permit diffusion of the chemical into the agar. A 
sterilized sheet of cellophane membrane, cut out from 
dialysis tubing, was next placed on the surface of the 


agar and inoculated with approximately 10° washed 
cells of E. coli Sd4-73 in 0.05 ml of distilled water. The 
suspension was spread evenly over the membrane, and 
with a sufficiently dry plate, soaked rapidly into the 
medium. The plates were incubated at 36 C for 2 hr 
and the membranes were then removed carefully from 
the plain agar surface and transferred to the surface of 
a nutrient agar plate, which was incubated for at least 
5 days to permit the development of mutant colonies. A 
second membrane treated in the same manner was 
placed on the surface of streptomycin agar, to detect 
the inhibition, if any, by the test chemical. Likewise, a 
third similarly treated membrane placed on the surface 
of streptomycin-containing minimal agar served as a 
test for mutation at the cystine locus. Mutagenicity for 
the streptomycin-dependence locus was indicated by 
the development of a large number of streptomycin- 
independent colonies on the first membrane as com- 
pared with the control (figure 2). Similarly, muta- 
genicity for the cystine locus was manifested by an 
increased colony count on the third membrane, al- 
though this locus was found to be less sensitive to the 


Figure 1. Paper dise test for mutagenicity at the streptomycin-dependence locus (Escherichia coli strain Sd4-73). A, B, and C: 
Mutagenic effect of beta-propiolactone (10 mg per disc). A: Control plate showing inhibition zone (Inoculum, 10° cells; nutrient 
agar + 100 ug per ml streptomycin). B: Appearance of mutant colonies with high inoculum (10° cells; nutrient agar). C: Appearance 


of mutant colonies with low inoculum (108 cells; nutrient agar). 


D and E: Mutagenic effect of azaserine (100 ug per disc, nutrient agar). D: Formation of mutant colonies in proximity of dise 
with an inoculum of 10° cells per plate. E: Formation of mutant colonies in proximity of dise with an inoculum of 10 cells per plate. 
F: Control plate (nutrient agar) for spontaneous formation of streptomycin-independent colonies. Inoculum, 10° cells per plate; 


0.1 ml distilled water added to disc. 
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mutagens tested. The potency of the mutagen at a 
given concentration can be expressed as the ratio of 
the number of colonies on the mutagen-treated mem- 
brane to the number on the untreated control. 

In its present version, the membrane method permits 
testing only one concentration of the mutagen at one 
time. A tenfold range of concentration can be tested on 
one plate by applying the gradient-plate principle 
(Szybalski, 1952). 


RESULTS 


Evaluation of the two methods described was made 
on the basis of comparison of the results with those 
obtained by an accepted method, in this case the 
standard method used extensively by Demerec and 
co-workers and described by Demerec and Hanson 
(1951). A series of 36 substances, including known 
mutagens and other substances of suspected muta- 
genicity, were tested. Table 1 summarizes the results of 
a comparative survey of these 36 chemicals for muta- 
genicity by the three assay methods. Results obtained 
with manganous chloride (shown to be mutagenic by 
Demerec and Hanson, 1951) were not included in the 
present survey because, under the conditions of the 
experiments, it often became oxidized and precipitated 
in the form of a brown deposit. Some of the tests, how- 
ever, where oxidation was not pronounced, gave an 
indication of a positive mutagenic response to manga- 
nous chloride. 

Of the chemicals tested, seven proved to be decidedly 
mutagenic for FE. coli by both the paper dise and 
membrane methods. Significantly enough, these seven 
compounds were the only ones found to be strongly 
mutagenic when tested by the method of Demerec et al. 
(1951). The range of sensitivity of the two methods for 
these seven mutagens was determined (table 2). Both 
methods were found to be sensitive to low concentra- 
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tions of the mutagens and the range of sensitivity was 
wide. Expression of the mutagenicity of the seven com- 
pounds was not affected by the presence of complex 
organic nutrients (Difco Penassay broth). 


Discussion 


The two methods described have their main advan- 
tages in ease and simplicity. Neither of the methods in 
their present versions are fully quantitative but, with 
the use of proper controls, they do permit a semiquanti- 
tative analysis of results. Furthermore, the membrane 
method can be developed into a fully quantitative 
assay. Matney (1955) has used Millipore membranes 
for the quantitative determination of mutation rates 
to streptomycin resistance. It is more important that 
within a wide range of concentrations they have proved 
to be dependable methods for the detection of muta- 
gens. The close correlation obtained in comparative 
studies with the method of Demerec et al. (1951) shows 
that they are as reliable as the more cumbersome 
standard method for screening of potential mutagenic 
substances. 

Though both methods described yield reliable results, 
one may be preferred over the other under certain 
conditions. The paper-dise method is to be recom- 
mended when only small quantities of the test 
compound are available, and when the substance being 
tested is not rapidly bactericidal at the test level and 
is readily diffusible in agar. For most purposes, this is 
the method of choice. It has certain features to recom- 
mend it apart from simplicity. It permits the exposure 
of the cells on a single Petri dish to a wide concentra- 
tion range of the mutagen, within which the establish- 
ment of mutant colonies takes place. At each point in 
the vicinity of the disc, the concentration of the 
mutagen is a function of time, increasing at first as the 
mutagen diffuses through the agar, and subsequently 


Figure 2. Membrane method for assay of mutagenicity at the streptomycin-dependence locus (Escherichia coli strain Sd4-73, in- 
oculum 108 cells per membrane). A and B: Cells pretreated for 2 hr with azaserine (100 ug per 20 ml of plain agar). A: Appearance 
of streptomycin-independent mutant colonies on membrane transferred to nutrient agar. B: Confluent growth on membrane trans- 
ferred to streptomycin-containing nutrient agar, indicating the absence of excessive bactericidal effects for azaserine at concentra- 
tion and time employed. C: Control plate (nutrient agar) with membrane-supported cells, not exposed to azaserine. 
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decreasing due to further dilution of the limited supply concentrations both inhibitory and mutagenic for a 

of mutagen furnished by the disc. The time-concentra- limited time only, permitting subsequent expression 

tion curve becomes flatter with the maximum shifted of mutation as colonial growth. Inasmuch as the bac- 

to the right for points farther and farther removed from terial cells are fixed in the agar before the addition of 

the disc. Thus, points may exist where the drug is at the mutagen, clumping of the cells by the chemical 
TABLE 1 


Evaluation of the paper disc and membrane methods—a comparison with the method of Demerec et al. 
Mutagenic effect of 36 compounds tested on the streptomycin-dependence locus of Escherichia coli, 8d4-73 


Paper Disc Method Membrane Method Method of Demerec et al. (1951) 
Compound | Relative Relative compound in 
| in wg per disc | mutageni- in wg per mutageni- ag ander: of oo mutants 
per 20 ml cityt 20 ml cityt hactecial per, 108 
agar agar suspension survivors 
hy Oroxide:. 1,400 2 1,400 5 100 38 0 
units units units 
-6-ethylpyri- 
6-Diazo-5-oxo-L-norleucine....................... 1,000 1 1,000 1 1,000 94 0 
2,5-bis(ethyleneimino)benzoquinone............. | 50 8 1,000 20 5 38 1.0 X 102 
N-methyl-bis(8-chloroethyl)amine hydrochloride. 100 30 500 60 50 9 3.9 X 103 
N-methyl-bis(8-chloroethyl)amine N-oxide 
| 100 12 500 10 100 35 4.0 X 10! 
| 1,000 1 1,000 1 100 53 0 
Promavine | 500 2 500 5 100 20 0 
500 26 1,000 20 5 68 9.7 X 103 


*The amount of substance used was adjusted to give a narrow zone of inhibition (Dise Method) or confluent growth (Mem- 
brane Method) on streptomycin-containing control plates. Where no inhibition was observed, the highest amount tested is reported. 

+ An approximate ratio of the number of colonies on the plate containing the mutagen-saturated paper disc to the number 
of colonies on the control plate. When induced mutant colonies form a definite ring around fhe paper disc, the figure for rela- 
tive mutagenicity is multiplied by the ratio of the total area of the plate to the area of the growth of induced mutant colonies. 
A relative mutagenicity of 1 indicates a lack of significant mutagenic activity. 

t An approximate ratio of the number of colonies on the Cellophane membrane previously exposed to the putative mutagen 
to the number of colonies on the nontreated control Cellophane strip. Both values are assumed to be equal or greater than one. 
A relative mutagenicity of 1 indicates a lack of significant mutagenic activity. 
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TABLE 2 


Mutagenic response to a wide concentration range of 7 mutagens 
as revealed by the disc and membrane methods 


| 


Amount of Relative Mutagenicity* 
utagen in} 
Mutagen | Paper disc Membrane 
Azaserine 1 2 1 
5 6 10 
10 16 60 
50 60 >100 
100 | >100 >100 
500 80 100 
1,000 12 25 
2,5-Bis(ethyleneimino) 1 5 1 
benzoquinone 5 6 2 
10 6 2 
50 8 4 
100 9 24 
500 13 46 
1,000 16 42 
N-Methyl-bis (8 chloroethy]) 1 3 1 
amine hydrochloride 5 8 1 
10 18 8 
50 18 20 
100 30 60 
500 30 >100 
1,000 30 >100 
N-Methyl-bis (6 chloroethy]l) 1 2 1 
amine-N-oxide hydrochloride 5 6 1 
10 6 2 
50 12 8 
100 12 8 
500 10 10 
1,000 8 10 
beta-Propiolactone 1 1 | 
10 2 1 
100 40 4 
1,000 | >100 10 
10,000 | >100 60 
100,000 0 0 
Sulfocidin 1 1 2 
5 3 
10 3 5 
50 5 1 
100 3 0 
500 2 0 
1,000 1 0 
Triethylenemelamine 1 1 1 
5 1 1 
10 4 1 
50 6 2 
100 20 2 
500 22 8 
1,000 27 20 


* Cf footnotes 2 and 3 in table 1. Relative mutagenicity of 
0 indicates lack of mutant colonies on nutrient agar usually 
due to excessive killing. 
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cannot influence the assay. The membrane method, 
on the other hand, is designed to withdraw the cells 
from further contact with the mutagen after a definite 
period of time, thus enabiing one to control and limit 
the possible toxic action of the chemical. This method, 
however, permits cells to be exposed to only a single 
concentration of mutagen per plate and generally 
requires a larger amount of the test chemical. 

Both methods remain flexible and capable of a range 
of modifications depending on the exigencies of the 
situation. The paper-disc method, for instance, may 
conceivably be adapted for the study of synergism 
among mutagens, or possibly even antimutagenic 
activity. The sensitivity of the methods does not appear 
to be affected by the presence of complex constituents 
of nutrient media. Though this may not be true in all 
cases, the methods open the way to the examination 
of a variety of substances ranging from culture filtrates 
to chemicals of varying degrees of purity. It is signifi- 
cant that two of the seven compounds reported to be 
potent mutagens in this paper (2 ,5-bis(ethyleneimino)- 
benzoquinone and sulfocidin) were first found to be 
mutagenic by the paper-disc method. 
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SUMMARY 


Two simple methods for detecting bacterial mutagens 
have been devised with the following application in 
mind: an efficient, large scale survey of pure chemicals 
and natural complex substances for mutagenic activity 
to serve as a guide for the study of carcinogenicity, and 
in the search for effective antineoplastic agents. 

The change in the frequency of streptomycin- 
independent mutants in the streptomycin-dependent 
strain of Escherichia coli is utilized as a measure of 
mutagenicity. The substance is assayed for muta- 
genicity at a wide range of concentrations on a single 
plate employing the paper-disc method. The membrane 
method permits controlling the concentration and time 
of exposure to the drug. Both simplified methods were 
compared with the quantitative assay of Demerec and 
co-workers and found to yield closely correlated results. 
Seven out of 36 substances examined were markedly 
mutagenic; for two of them, 2 ,5-bis(ethyleneimino)- 
benzoquinone and the antibiotic sulfocidin, muta- 
genicity was ascertained for the first time by the paper- 
disc method. All of the seven substances, and several 
others shown by the described methods to be weakly 
mutagenic for E. coli, are known to be endowed with 
antineoplastic properties. Both methods have the par- 
ticular advantage of being selective for mutagens with 
a high ratio of mutagenicity to toxicity. 
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The satisfactory growth of mammalian cells in fluid 
suspension (submerged culture) has been demonstrated 
with a number of mammalian cell lines and a variety of 
equipment (Earle et al., 1954; Owens et al., 1953; 
Graham and Siminovitch, 1955; Cherry and Hull, 
1956; Powell, 1954; Brown and Hardy, 1957; and 
Danes, 1957). Investigations in our laboratories have 
indicated good growth of the following stable cell lines: 
HeLa (Gey et al., 1952), L cell (Earle et al., 1951), 
human conjunctiva (Chang, 1954), and human amnion 
(Fogh and Lund, 1957) in an all-glass culture vessel 
—the spinner culture (McLimans et al., 1957a). The 
spinner apparatus was designed with the viewpoint of 
extrapolating information procured through its use to 
larger systems of conventional architecture such as the 
New Brunswick Fermentor’. Accordingly, it was 
deemed necessary to investigate the relative toxicity 
of types of materials of construction used in larger 
fermentor systems as well as the determiration of 
satisfactory antifoam agents. 

This investigation was undertaken on the basis of the 
projected needs of an L cell cultivation in aerobic fer- 
mentation-type equipment, namely, a metallic or par- 
tially metallic baffled tank with a gas sparger beneath 
the impeller. Glass lined equipment, of course, would 
provide an essential substitute if all the metals had 
proved to be toxic. 


EXPERIMENTAL METHODS 


Metals. The metal samples used were approximately 
¥% in. square and }¢ in. thick, provided through the 
generosity of Mr. G. Achorn, Fort Detrick. The metals 
were washed in 7x detergent and then successively 
rinsed in tap water, distilled water, and alcohol. The 
samples were then sterilized in a hot air oven. Each 
metal was attached to a 55 mm Petri plate with a 
minimal quantity of sterile paraffin wax. To each plate 
was added 10 ml of a 100,000 cells per ml suspension in 

1 The investigations herein reported were conducted under 
the auspices of a grant (Contract No. DA-18-064-404-CML-74) 
from the U.S. Army Chemical Corps, Fort Detrick, Maryland. 

2 Contribution No. 17, Microbiology in Medicine, Wistar. 

3 Present address E. R. Squibb and Sons, New Brunswick, 
New Jersey. 

4E. R. Squibb and Sons Research Fellow. 

5 New Brunswick Scientific Co., New Brunswick, New 
Jersey. 
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complete growth medium (90 per cent Eagle’s (1955 
and 10 per cent horse serum). This liquid volume 
proved to be sufficient to cover the metal completely. 
The plates were then incubated at 37 C in a desiccator, 
whose gaseous content was adjusted to approximately 
5 per cent carbon dioxide and 95 per cent air. After 4 
days the plates were examined microscopically. Toxicity 
responses were assigned as follows: 0 = no morpho- 
logical change from the controls in the appearance and 
estimated number of cells; + = questionable toxicity ; 
1+ = slight morphological change in the cells; 2+ = 
definite morphological change in the cells with a reduc- 
tion in cell concentration; 3+ = cells extremely granu- 
lar with poorly defined cell boundaries, many cells 
floating free in the medium; 4+ = very few cells ad- 
hering to the glass, considerable lysis occurring, a few 
clumps of cells suspended in the medium (figure 1). 

As would be expected, copper and its alloys, monel 
and brass, were extremely toxic to the tissue cells 
(table 1, figure 1). Aluminum showed definite signs of 
toxicity but not nearly as severe as the copper rating. 
Mild steel exhibited some form of inhibition in addition 
to the formation of a precipitate at the edge of the 
metal samples. The stainless steel metals, with the ex- 
ception of stainless steel 304, appeared to be completely 
innocuous. It is not a simple matter to rationalize, on 
the basis of known chemical composition of the metals, 
the differential toxicity of stainless steels 304, 316, and 
347. Stainless steel 304 contains no constituent which 
cannot be found in comparable amounts in 316 and 347. 
It seems reasonable to conclude that, under the condi- 
tions of this test, stainless steels 316 and 347 are not 
toxic, while brass, monel, aluminum, copper, mild 
steel, and to a lesser extent stainless steel 304 are toxic 
to the L cell. 

Certain limitations of the test system are apparent. 
Thus, the metal surface to liquid volume ratio is ap- 
proximately 50 per cent greater in this test than it 
would be during normal operation of a 5 gallon stainless 
steel tank. Further, the conditions of this test do not 
simulate the conditions found in an agitated vessel. The 
test system involves a stationary interface between 
liquid and metal as opposed to the washing action in 
an agitated system. 

Antifoam. A wide variety of antifoam agents (table 
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2) were arbitrarily selected for investigations. Three in- 


vestigative procedures were used to reduce the group * 


of antifoams to a few which appeared most suitable for 
our purpose. First, a screening procedure was estab- 
lished whereby each antifoam agent was tested for 
toxicity to the L cell at an antifoam concentration of 
0.1 per cent. Those antifoams which did not completely 
lyse the cells were examined further for foam suppres- 
sion efficiency against the medium currently employed, 
namely, 90 per cent Eagle’s constituents and 10 per 
cent horse serum. These two screening procedures 
eliminated all but nine of the antifoams tested. A 
quantitative toxicity experiment then was performed 
on the basis of which the final selections were made. 


* 


2 4 ©, «SS 
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Figure 1. Metals toxicity. Magnification 2 


The following procedure was used for the initial 
screening. Roller tubes, 16 by 150 mm, were inoculated 
with 4 ml of an L cell suspension of approximately 
150,000 cells per ml. Sufficient antifoam was then added 
with a capillary pipette to yield a final antifoam con- 
centration of 0.1 per cent in each tube. Each antifoam 
was tested in duplicate tubes. The cultures were incu- 
bated at 37 C overnight in a slightly inclined stationary 
position. This was done to permit the tissue cells to 
attach to the glass. The cultures were then placed in a 
roller drum and incubated for three additional days. 
After the third day the tubes were examined micro- 
scopically and rated satisfactory or unsatisfactory for 
further study. Those cultures exhibiting complete cell 


2) 
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A. Paraffin Control—Normal morphology with confluent growth. B. SS 316-0, no morphological change 
from controls in appearance and number of cells. C. Monel—2+, definite toxic reaction of cells, cells appear 
granular, pyknotic, with reduced growth rate. D. Copper—i+, extreme toxic reaction, cells granular, 
pyknotic, lysis evident with very little growth of cells. Cells do not adhere to glass surface. 
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lysis were rated unsatisfactory while the remaining 
tubes exhibiting various degrees of growth and toxicity 
were rated satisfactory (table 3, figure 2). Thirteen of 
the 25 samples of antifoam were rated satisfactory by 
the preliminary test. 

The foam suppression tests were performed on me- 


TABLE 1 
Metals toxicity for L cell 


Metal | Toxicity Ratingst* 
| | | 
Stainless steel 347.......... | 
Stainless steel 316.......... | 0 | 0 | 0 | 0 0 
Stainless steel 304.......... Ve + | 0 + 0 
I+) 14) — | — | 3+ 


* Paraffin and cell controls exhibit no toxicity. 

+ Toxicity responses of cells: 0 = no morphological change; 
+ = questionable toxicity; 1+ = slight morphological change; 
2+ = definite morphological change; 3+ = cells extremely 
granular, poorly defined cell boundaries; 4+ = very few cells 
adhering to the glass, considerable lysis, a few clumps of cells 


dium containing 90 per cent Eagle’s constituents and 10 
per cent horse serum. One hundred ml of medium was 
placed in a Waring Blendor and agitated for 30 sec- 
onds. The contents of the blendor were then rapidly 
poured into a 250 ml graduate. The total volume of 
liquid plus foam was recorded. The antifoams were 
utilized at a final concentration of 0.1 per cent in the 
blendor. The foam suppression efficiency (FSE) as 
indicated in table 3 represents the per cent reduction 
effected by the antifoam agent on the volume increase 
experienced by the control. The per cent efficiency was 
calculated according to the following formula: 


V ;) control — (V; — V;) antifoam 
(V; — V,) control 


x 100 


FSE = Per cent foam suppression efficiency 

V,; = final volume in ml 

V; = initial volume in ml 

An arbitrary level of 80 per cent FSE was selected 
as a prerequisite for further examination of an antifoam 
in the quantitative toxicity study. The quantitative 
toxicity study was performed in triplicate. Nine of the 
13 nontoxic antifoams showed a higher degree of foam 


suspended in medium; — = not done. suppression efficiency. The procedure followed was 
TABLE 2 
Antifoam screening for L cell toxicity at 0.1 per cent concentration 
Antifoam | Supplier Chemical Nature Rating 
Hamico 1091 | Haas Miller Corp., Philadelphia, Pennsylvania Diglycol ester Satisfactory 
Nopeo LEF Nopceo Chemical Co., Harrison, New Jersey Natural fats Satisfactory 
Nopco 1860B Nopco Chemical Co., Harrison, New Jersey Natural fats Satisfactory 
Nopeo LEKI Nopco Chemical Co., Harrison, New Jersey Natural fats Satisfactory 
Nopceo LIXI | Nopeo Chemical Co., Harrison, New Jersey Natural fats Unsatisfactory 
Nopco 1289L | Nopco Chemical Co., Harrison, New Jersey Natural fats Unsatisfactory 
Nopco 2226R Nopco Chemical Co., Harrison, New Jersey Natural fats Unsatisfactory 
AF Extra § | Tex-Chemical Co., Fairlawn, New Jersey Silicone Satisfactory 
AF 41 Feedwater Inc., New York, New York —_ Satisfactory 
AF 60 General Electric, Waterford, New Jersey Silicone Satisfactory 
AF Emulsion Dow Corning Corp., Midland, Michigan Silicone Satisfactory 
Formula X1181 Dearborn Chemical Co., Chicago, Illinois — Satisfactory 
Formula X1182 Dearborn Chemical Co., Chicago, Lllinois _ Unsatisfactory 
Demal 14 Emulsol Corp., Chicago, Illinois Polyglycerol esters of Satisfactory 
oleic acid 
Solvit A Emulsol Corp., Chicago, Illinois Esters of diacetyl tar- Satisfactory 
taric acid 
Dibutyl sebacate Deecy Products Co., Cambridge, Massachusetts — Satisfactory 
Drakeol 9 Pennsylvania Refining Co., Butler, Pennsylvania Mineral oil Satisfactory 
Span 20 Atlas Powder Co., Wilmington, Delaware Sorbitan fatty acid Unsatisfactory 
ester 
Defoamer B Synthetic Chemical Inc., Paterson, New Jersey Blend of organics Unsatisfactory 
Polyethylene glycol mon- | Kessler Chemical Co., Philadelphia, Pennsylvania — Unsatisfactory 
olaureate 
Diglycol laureate Kessler Chemical Co., Philadelphia, Pennsylvania _ Unsatisfactory 
Glyceryl ricinoleate Kessler Chemical Co., Philadelphia, Pennsylvania _— Unsatisfactory 
Foamex Glyco Products Co., New York, New York —_ Unsatisfactory 
Victawit 12 Victor Chemical Works, Chicago, Illinois Nonionic wetting agent; Unsatisfactory 
Igepal CO-210 Antara Chemicals, New York, New York Monylphenol-ethylene Unsatisfactory 
oxide reaction prod- 
uct 
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TABLE 3 basically similar to that used for initial screening. Three 

Foam suppression efficiency ml of medium were added to each culture. To the first 

siesta tes Riedie tube of each antifoam series were added 3 ml of a 0.4 

Antifoam per cent antifoam dispersion in the medium. In per- 

forming the necessary tube dilutions, great care had 

88 42 0 to be taken to insure that the antifoam was uniformly 

AF Extra B................500005 81 42 28 dispersed. The antifoam concentrations in each series 

95 76 61 of tubes were 0.20, 0.10, 0.05, 0.025, and 0.0025 per 

—_.......... Oy, Scions 100 81 52 cent. One ml of an L cell suspension, 240,000 cells per 

OS ere eee 88 57 32 ml, was added to each tube with an automatic syringe. 

AF Emulsion. ................... 100 The tubes were incubated at 37 C overnight in a sta- 

= tionary position and then in a roller drum for 3 addi- 

Nopco maa Tae tional days. At the end of the incubation period each 

0 tube was examined microscopically and rated on the 

Prog sebacate................. . basis of apparent toxicity. The tubes were examined 


| 


7% 


in random order and the observers were not aware of 


ard the L cell. Magnification 270X. 


| 
_ Figure 2. Quantitative toxicity study of General Electric Antifoam 60 tow[nnn 
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TABLE 4 
Quantitative evaluation of antifoam agents—toxicity toward L cell 
Concentration in Per Cent 
Antifoam | 0.20 0.10 | . 0.05 0.025 0.0025 
MFt | ME T | ME T | MF 
2+ | 0.60 | 1+ | 1.28 | 1+ | 1.99 | 0 2.47 0 2.75 
2+ | 0.40 | 14+ | 2.06 1+ 2.60 0 3.21 
DC AF Emulsion.................. 4+ | 0 | 3+ | 083 | 14 | 1.41 | 14 | 1.83 0 3.10 
2+ 126 | 1+ | 1.78 | (1.86 0 2.35 0 | 2.28 
3+ 0.11 | 2+ | 1.47 | 14 | 1.95 | 2.06 0 1.98 
i a 4+ Oo | 2+ | os9 | 14 | 1.59 1+ 1.92 0 3.04 
4+ | 0 | 2 | 0.97 I+ | 1.43 0 1.91 0 2.00 
| 3+ 0.39 | 1+ | 1.68 | | 2.20] 2.30 0 1.91 
| | | | | | 


*T = Toxicity ratings on basis of cytologic observation. 


+ MF (Multiplication factor) = 


Cells/tube at end of experiment 


Cells/tube at initiation of experiment’ 


the contents of the tube under examination. The 
toxicity ratings carried the same significance as the 
corresponding values for metal toxicity. The ratings 
are presented in table 4. 

The quantitative evaluation was made by deter- 
mining the total number of cells per tube, after tryp- 
sinization, at termination of the experiment. For this 
purpose, 2 ml of 0.75 per cent trypsin in phosphate 
buffer were added to each tube. Therefore, the final 
trypsin concentration in each culture was 0.25 per cent. 
A direct cell count was then made on the trypsinized 
cells. Two samples were taken from each tube and 
duplicate counts were made on each sample. The multi- 
plication factors given in table 4 represent the ratios 
of final cell concentration to initial cell concentration. 
Although the multiplication factors do not present as 
clear cut a picture as would be desired, these values 
together with the qualitative ratings present a signifi- 
cant toxicity pattern. 

Those antifoam agents which yielded satisfactory 
results in the quantitative study were used for further 
foam suppression tests at the more practical levels of 
0.025 and 0.010 per cent (table 3). It should be pointed 
out the efficiency test used here is strictly a measure of 
the relative effectiveness of the antifoams and not a 
measure of the effectiveness of a particular antifoam 
at a particular concentration under actual operating 
conditions. 


Discussion 


It is essential to reiterate two major limitations of 
this study. First, the metal tests involved a stationary 
interface between liquid and metal, and second, the 
antifoam efficiency applies only to the medium currently 
used in this laboratory. Further investigations in this 


laboratory demonstrated good growth of the L, HeLa, 
human amnion, and rabbit kidney (McLimans e¢ al., 
1957a) in a 5-L New Brunswick Fermentor (McLimans 
et al., 1957b), a prototype of the antibiotic fermentors. 
Additionally, it has been observed in our laboratories 
that the stable mammalian cell lines, HeLa, L, and 
so forth, will proliferate, as discrete units, for extended 
periods of time in such equipment. Davis and co- 
workers (1957) have demonstrated that the submerged 
culture cells will support the proliferation of polio virus 
in the case of strain HeLa and at least one cycle of 
multiplication in the case of the herpes simplex/L cell 
system. 

The above appears noteworthy since the fermentor 
employed is partially constructed of stainless steel 316 
and therefore represents a more accurate test of this 
material of construction from the point of view of 
possible toxicity and application. 
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SUMMARY 


Several investigators have clearly established that 
the mammalian cell will readily proliferate, as discrete 
units, in agitated fluid suspension (submerged culture) 
in various types of glass vessels. Investigations have 
been initiated to determine the feasibility of extrapo- 
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lating the data as procured in a 100 ml glass spinner 
culture to the conventional 5-gallon stainless steel, 
water-jacketed, impeller-agitated fermentor as em- 
ployed in the antibiotic industry. The degree of tox- 
icity, if any, of the types of materials of construction 
used in various fermentor systems as well as antifoam 
agents commonly employed in fermentations requiring 
sparging of the gas was studied and the results are 
reported herein. 

Under the experimental conditions employed, stain- 
less steels no. 316 and no, 347 proved to be nontoxic to 
HeLa and L cells. Further, of the antifoam agents 
tested, Nopco LEF, General Electric Antifoam 60, 
Demal 14, and Antifoam Extra 8 appeared to be par- 
ticularly effective in controlling foam in an L cell 
culture without apparent toxicity. 

The validity of the reported findings have been con- 
firmed in our laboratories through the successful 
growth of HeLa, L and ERK cell lines in a 5-gallon 
stainless steel fermentor. 
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For some time there has been considerable interest in 
the metabolism of ingested food in the rumen. Re- 
cently, it has been shown that an appreciable amount 
of hydrolysis takes place in this organ (McDonald, 
1954). Since there are no digestive juices secreted into 
the rumen by the host, it was concluded that the agent 
responsible for this hydrolysis was of microbial origin. 
Considering protein as one of the nutrients undergoing 
hydrolysis, it can be stated that only a few proteolytic 
bacteria have been isolated from the rumen and their 
proteolytic activities have not been studied extensively 
(Appleby, 1955; Bryant and Burkey, 1953; Huhtanen 
and Gall, 1953). There are many more bacterial pro- 
teinases than can be found in plant and animal tissues. 
With the limited information available it is clear that 
they exhibit tremendous variations in their mode of 
action and substrate specificity. The present paper 
describes the isolation of a proteolytic organism, from 
rumen contents, probably belonging to the genus 
Flavobacterium (Breed et al., 1948), and the action of 
its extracellular proteinase. 


EXPERIMENTAL METHODS 
Isolation of the Organism 


The method used for the primary isolation of the 
proteolytic bacteria was based upon that of Hungate 
(1950), and the modification by Appleby (1955) which 
was designed to have a selective effect upon the rumen 
population to encourage the growth of only those bac- 
teria capable of utilizing protein. 

The medium used in the isolation of the organism 
was that described by Appleby (1955). Fifteen ml of the 
medium were placed in culture tubes, as modified by 
Hamdy et al. (1954), and incubated at 50 C until used. 

Preparation of the inoculum. A sample of rumen 
liquor was obtained from a fistulated steer, filtered 
through two layers of cheesecloth, and centrifuged at 
1000 X G for 10 min to remove most of the protozoa 
and plant debris. A portion of this supernatant liquor 
was diluted to 1 X 10-° of the original concentration 
with sterilized normal saline. One ml of the diluted 
rumen liquor was added to the culture tube. 

The two solutions were thoroughly mixed and cooled 
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to allow the agar to set. Anaerobiosis was maintained 
by inserting an absorbent cotton plug 3 em from the 
mouth of the tube, adding a few crystals of pyrogallic 
acid and 2 ml of a 10 per cent NaOH solution, and seal- 
ing the tube with a rubber stopper. The tube was in- 
verted and incubated at 37 C for 3 days. 

Since the medium was opaque, due to the addition 
of casein, the growth of proteolytic colonies could be 
located by observing the clearing of the medium. After 
locating the proteolytic colony, the rubber stoppers were 
removed from the ends of the culture tube and the agar 
roll ejected on a sterile dish. The proteolytic colony 
was removed, rediluted, and the inoculation procedure 
repeated 3 times to obtain a pure culture. Inasmuch 
as stab inoculations showed that the organism was 
facultative in nature, it was maintained on nutrient 
agar slants containing 5 per cent skim milk. 

Preparation of the proteinase. Fermentation was car- 
ried out at 34 C in two 2000 ml reagent flasks, each con- 
taining 1300 ml of sterilized skim milk, and agitated on 
a shaker. Each flask was inoculated with 70 ml of a 48 
hr shake culture grown on nutrient broth plus 5 per 
cent skim milk. At the end of 4 days the proteolytic 
activity was at its maximum. Organisms were collected 
by centrifugation of the medium at 2000 X G for 30 
min and the supernatant fluid passed through a 1000 
ml Seitz filter. 

Measurement of enzymatic activities. Protein hydroly- 
sis was determined using the procedure described by 
Anson (1938) which utilizes the blue color given by 
tyrosine and tryptophan derivatives in the hydrolysis 
products with the phenol reagent of Folin and Cio- 
calteu (1927). The enzymatic reaction mixture con- 
tained 10 ml of a substrate solution (2 per cent casein). 
1 to 3 ml of enzyme solution, 5 ml of the appropriate 
buffer, and distilled water to a final volume of 20 ml. 
Blanks containing all materials including the inacti- 
vated enzyme solution (heated in a boiling water bath 
for 15 min) were included with each experiment. The 
mixture was incubated at 37 C and, at appropriate time 
intervals, a 4 ml aliquot was removed and added to 2 
ml of a 10 per cent trichloracetic acid solution. The 
mixture was heated for 10 min in a boiling water bath 
to insure complete coagulation, and then centrifuged. 
One ml of the clear supernatant fluid was added to 10 
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ml of 0.5 N NaOH. To this, 1 ml of the diluted (1:1) 
phenol reagent was added and the optical density de- 
termined at 660 my in a Beckman model B spec- 
trophotometer®. Activity was expressed as the optical 
density increment of the incubated solutions over that 
of the corresponding blanks. 

Protein determinations were made using the pro- 
cedure of Gornal et al. (1949). 


RESULTS 


Influence of pH on activity. The pH optimum of the 
proteinase was determined using citrate-HCl, phos- 
phate, and borate buffers to cover the range from pH 2 
to pH 9. The reaction was allowed to take place in a 6 M 
urea solution to prevent the precipitation of the casein 
at the lower pH ranges. The results presented in figure 1 
show a sharp optimum at pH 7.5 with a rapid decrease 
in the rate of hydrolysis on either side of the optimum. 

Purification of proteinase. A procedure has been de- 
veloped by which the specific activity has been increased 
500-fold. The culture-free skim milk medium possessed, 
after a 4-day incubation period, 0.076 units of activity 
per mg protein or a total of 400 units in 2700 ml of 
medium. The enzyme could be purified by the addition 
of one-fourth volume calcium phosphate gel at pH 7.0 
to the culture-free skim milk. When the gel was col- 
lected by centrifugation, the supernatant liquid had a 
specific activity of 38 giving a 500-fold purification with 
a 69 per cent yield. 

To determine the purity of the enzyme solution, 
electrophoretic studies were made using a Model 38 
Perkin Elmer Electrophoresis Apparatus’ equipped 


2 Beckman Instruments, Inc., Fullerton, California. 
3 The Perkin-Elmer Corporation, Norwalk, Connecticut. 
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Figure 1. Effect of pH on the rate of hydrolysis. Reaction 
mixture contained 3 ml of the enzyme solution and was as- 
sayed following the procedure previously described after a 1 hr 
incubation period. 


with a 2 ml Tiselius cell. Studies were conducted at pH 
8.6 using 0.1 u veronal buffer and at pH 4.0 using 0.1 
acetate buffer. A single spike was observed to move 
across the field at pH 8.6; however, when the sample 
was exposed to the electric field at pH 4.0, three major 
peaks were observed. These three major components 
could be separated on a starch column by the technique 
devised by Carlson (1954). Two of these components 
were found to be proteolytically active while the third 
possessed no activity. Although 82 per cent of the 
activity was recovered from the column, a sufficient 
quantity of the enzyme purified in this manner could 
not be obtained for physical studies. 

Stability of the enzyme system. The enzyme was in- 
activated when powders were prepared by its precipi- 
tation from aqueous solutions with organic solvents. 
Removal of water by lyophilization also resulted in de- 
naturation. Aqueous solutions of the enzyme prepara- 
tion retained approximately 70 per cent of the original 
activity after 2 weeks’ storage at 4 C when merthiolate 
was added to retard bacterial growth. The enzyme 
solution was relatively resistant to denaturation in acid 
or alkaline solutions between the ranges of pH 5 and pH 
9. It was also stable to temperatures up to 50 C for 1 hr. 


TABLE 1 
Effects of activators and inhibitors on activity of the proteinase* 
Compound Added Molarity Perse 
8-Mercaptoethanol.............. 0.005 0 
p-Chloromercuribenzoate....... 0.01 40 


* Measurements at pH 7.5 in a reaction mixture containing 
2 mg enzyme protein using a 1 hr incubation period and the 
usual assay procedure. 

+ Relative activity expressed as per cent of that without 
added factor. 


TABLE 2 
Effect of oxidizing agents on the reduced enzyme* 
Compound Added Molarity | aa 
| 
None* — | 70 
H.O2 0.001 68 
0.005 | 75 
0.02 | 25 
Oxidized glutathione 0.05 | 50 
FeCl; 0.01 | 70 


* Reduced by the addition of cysteine to a molarity of 0.01. 
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Effect of organic compounds and inorganic salts on the 
rate of hydrolysis by the enzyme. The effects of reducing 
agents, sulfydryl group reagents, and inorganic ions on 
the activity of the proteinase are shown in table 1. 
Marked inhibition occurs when reducing agents such 
as NaCN, cysteine, and 6-mercaptoethanol were added. 
Inhibition also resulted when sulfydryl group reagents 
such as iodoacetate and  p-chloromercuribenzoate 
(pCMB) were added. Addition of oxidizing agents to 
the reduced enzyme failed to reactivate the system 
significantly as shown in table 2. 


TABLE 3 
Effect of reducing agents on enzyme treated with pCM B* 
Compound Added Molarity 
None* _ 45 
8-Mercaptoethanol 0.0005 45 
0.001 55 
0.0025 25 
0.005 5 


* Inhibited by the addition of pCMB to a molarity of 0.01. 
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Figure 2. Effect of cobalt ions on enzymatic activity. Meas- 
urements at pH 7.5 in a reaction mixture containing 2 mg 


enzyme protein using a 1 hr incubation period and the assay _ 


procedure as described in the text. 


TABLE 4 
Effect of trypsin inhibitors 
Compound Added mg/ml | tae 

None — 100 
Boiled pancreatic trypsin inhibi- 

Unboiled pancreatic trypsin in- | 

Boiled soybean trypsin inhibi- | 

Unboiled soybean trypsin in- | | 


Reducing agents were able to partially reactivate the 
enzyme treated with pCMB as indicated in table 3. 

Cobalt ions represented the only additive causing en- 
hancement of enzymatic activity. As shown in figure 2, 
the activating effect of cobalt ions reached its maxi- 
mum at a final concentration of 0.005 m. This amount 
of cobalt doubled the rate of hydrolysis over that of the 
system without cobalt. 

The inhibitors of trypsin and chymotrypsin, that is, 
soybean and pancreatic trypsin inhibitor, were able to 
inhibit the system about 30 per cent as shown in 
table 4. 

Action of the proteinase on peptide substrates. The en- 
zyme was inactive toward benzoyl-L-arginine amide, 
carbobenzoxy-L-tyrosine, and carbobenzoxyglycyl-.- 
phenylalanine amide which are substrates for trypsin, 
pepsin, and carboxypeptidase and chymotrypsin 
respectively. In addition, the enzyme was not able to 
hydrolyze triglycine, tetraglycine, or leucylglycine when 
the alcoholic titration method of Grassmann and Hyde 
as described by Davis and Smith (1955) was employed. 

Comparison of activity to trypsin. The optical density 
increment resulting from the incubation for 20 min at 
37 C of 5 mg erystalline trypsin (Batch TR523SF)* 
containing the standard casein substrate is comparable 
to that obtained from the incubation of 6 mg of bac- 
terial proteinase in a similar test solution. 

Preliminary investigations by titrating the number 
of free carboxyl groups using the Sorenson ‘formol”’ 
titration has shown that the degree of protein hydroly- 
sis obtained by trypsin is greater than that obtained 
with the bacterial proteinase. 


DIscUSSION 


An organism has been isolated from the bovine 
rumen which excretes an extremely active proteinase. 
This proteinase when subjected to preliminary char- 
acterization differs in many respects from proteinases 
heretofore characterized. 

The enzyme is similar to the proteinases of some 
aerobic organisms studied by Weil et al. (1939) and 
those of nonbacterial origin described by several au- 
thors (Adams and Smith, 1951; Morrison and Neurath, 
1953; Snoke and Neurath, 1950) which show pronounced 
activity on proteins but are inhibited by cysteine and 
do not hydrolyze the synthetic substrates considered to 
be specific for such endopeptidases. 

The proteinase is inhibited by sulfydryl group rea- 
gents which indicates that a portion of the sulfide bonds 
must be in the reduced state to serve as an active site 
for enzyme action while another portion must be in the 
oxidized state to preserve the molecular architecture of 
the protein. 

The proteinase inactivated by treatment with pCMB 


‘Worthington Biochemical Corporation, Freehold, New 
Jersey. 
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and cysteine could not be reactivated by the addition of 
reducing agents or oxidizing agents. Insulin (DuVig- 
neaud ef al., 1931) is also irreversibly inactivated by 
reducing agents. Solanain (Greenberg and Winnick, 
1940), a plant proteinase, when treated with pCMB 
could not be reactivated with reducing agents. 

Trypsin inhibitors are able to inhibit the rate of hy- 
drolysis about 30 per cent. This degree of inhibition 
may be due to the inactivation of one of the com- 
ponents of the system while the other did not react 
with the inhibitor. 
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SUMMARY 


An extracellular proteinase from a gram negative rod 
isolated from the bovine rumen has been purified some 
500-fold. It is active against both native and denatured 
protein substrates. The proteolytic activity is at its 
maximum at a pH of 7.5. 

Cobalt ions (0.005 m) double the activity while re- 
ducing agents (cysteine) and sulfydryl group reagents 
(pCMB) are inhibitory. 

Soybean trypsin inhibitor and pancreatic trypsin in- 
hibitor were able to partially inhibit the system; how- 
ever, synthetic substrates considered specific for endo- 
peptidases were not attacked. Further, triglycine, 
tetraglycine, and leucylglycine would not serve as 
substrates. 
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The development of improved methods for sub- 
merged cultures in many fermentation processes has 
stimulated investigation into the application of similar 
techniques for producing live bacterial vaccines on a 
large scale. 

It has now been found possible to obtain mass 
cultures of the vaccine organism Brucella abortus strain 
19 in 72-L amounts by means of the “Bru. V.A.C.” 
apparatus which was constructed as a pilot plant. The 
basis of design is the spargerless fermentor described 
by Chain et al. (1952). 


The stainless steel culture vessel of 250-L capacity 
is 850 mm high. On the reinforced lid a motor and belt- 
driven impeller shaft with hermetically sealed bearings 
are mounted. Various inlets, outlets, windows and 
temperature control tubes are welded into the walls 
of the vessel. Connections of rubber pressure tubing 
are fitted to a steam source and to the items of auto- 
claved apparatus shown in figure 1. The medium used 
is the same as that reported earlier for the shake flask 
culture method (van Drimmelen, 1955). To 40 L of 
distilled water is added 12 ml antifoam (a polyoxethy- 
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Figure 1. Pilot plant for Brucella Vortex Aerated Culture (Schematic). CV: culture vessel, AI: air inlet, AO: air outlet, Z: im- 
peller, JS: impeller shaft, M: motor, EP: electric plug, FM: flow meter, CCWF: Berkefeld candle and cotton wool filter, F: Seitz 
filter, SF: seed flask, MF: medium flask, WAF: water and antifoam flask, /P: medium inlet point, ST: steam inlet point, SP: sam- 
pling point, HP: harvesting point, ASP: alternate sampling point, AHP: alternate harvesting point, PG: pressure gauge, T’p: trap, 
Tr: thermometer, 7't: thermostat, Ry: Relay, P: pump, CF: cooling fan, GJ: gauze jacket, MWJ: multiple water jets, WR: water 


return, R: reservoir. 
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lene derivative of ricinoleic acid!) and autoclaved. To 
32 L water is added 2160 g peptone?, 2160 g glucose, 
720 g yeast extract (S. African food extracts*), 120 g 
anhydrous sodium monohydrogen phosphate, and, if 
necessary, the pH is adjusted to pH 6.4. 

The culture vessel is sterilized empty with internal 
steam at 110 C for 3 hr on 2 successive days, the sterile 
air filters and other connections being fitted at the 
commencement of the second sterilization. It is charged 
with seeded medium immediately after sterilization. 
The cell concentration after seeding is 4 X 10° viable 
organisms per ml. Humidified, double Seitz filtered 
air is introduced at the rate of 6000 ml per min. The 
impeller is run at 1000 rpm causing a vortex in the 
medium. Agitation and growth produce excessive heat 
which is removed by water evaporation from a cotton 
gauze jacket. A thermostatically controlled water 
pump and electric fan suffice to keep the culture at 
37.5 + 0.25 C. 

In contrast to the usual 1:1 relation between depth 
of the medium and diameter of the vessel, the present 
process has a depth of medium less than 4 the diameter 
of the vessel. The air introduced is 42 of the volume 
of liquid per min, whereas 14 to 144 of the volume of 
liquid is the usual aeration for industrial fermentors 
(Emery, 1955). 

Harvesting is done at 70 hr when the culture shows 
4.05 to 5.25 per cent packed cells and 1.9 to 2.5 & 104 
viable Brucella organisms per ml. One harvest thus 
totals about 3500 ml packed cells. Although the dry 
weight of this harvest has not been determined, the 


' Imperial Chemical Industries, Ltd., London, England 
2 Oxo Limited, London, England. 
3 Industria, Johannesburg, Union of South Africa. 


whole harvest is believed to be roughly comparable to 
the yield from 50 L medium in the ‘“Bactogen” in 1 
day (1.0 kg mentioned by Novick (1955) from a report 
by Monod (1950)). This whole harvest is also equiva- 
lent to that from roughly 3000 potato agar Roux flask 
cultures. : 

The harvest is used for Brucella vaccine, amounting 
to more than 200,000 doses of conventional liquid 
vaccine at each run. “‘S” to “R” variation is not en- 
countered. Antigenicity in guinea pigs is similar to 
that of potato-agar surface culture vaccine. The average 
agglutination titers are 1280 for Bru. V.A.C. vaccine 
and 640 for potato-agar surface culture vaccine as 
determined 3 weeks after subcutaneous inoculation of 
12 X 10° viable organisms. 
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The cultivation of sulfate-reducing bacteria on 
agar plates is a somewhat involved and time-consuming 
process. This is partly due to the requirement for 
fairly strict anaerobic conditions but mainly because 
of the length of the incubation period which may vary 
from 6 days to weeks with the resulting delay of the 
required information. 

The work reported herein was undertaken in an 
attempt to apply the advantageous features of the 
membrane filter method to the detection of anaerobic 
organisms. As originally developed, the membrane 
filter (Goetz and Tsuneishi, 1951; Clark et al., 1951) 
permits the recovery of small numbers of organisms 
from large volumes of water and the rapid cultivation 
of many aerobic bacteria. The ultimate purpose was 
to develop a method which would not require more 
complex manipulation than the membrane procedure 
according to Standard Methods for the Examination of 
Water, Sewage, and Industrial Wastes (A.P.H.A. 1955) 
and to reduce the incubation period for anaerobic 
bacteria. 

The fact that Desulfovibrio aestuarii can be cultured 
on membranes was first shown by Oppenheimer (1952) 
who applied the standard technique of providing for 
an oxygen-free atmosphere to the membrane surface 
with considerable success. 


MetTHOpDs AND RESULTS 


The cultures employed in these experiments were 
two strains of Desulfovibrio aestuarii isolated from 
waste and swamp waters of local oil wells. Both strains 
are characterized by an incubation requirement of 3 
to 5 days for the first evidence of growth and 10 to 14 
days for complete development on broth culture. 

The basic principle of the method is illustrated 
schematically in figure 1 which represents a vertical 
cross-section of a culture dish. (7) indicates two halves 
of a filter membrane on the surface of which the organ- 
isms have been concentrated by the filtration of an 
adequate volume of a water sample. After filtration, 
the membrane is cut in two and one section is inserted 


1 Presented at the 56th General Meeting of the Society of 
American Bacteriologists, Houston, Texas, May 1956. Bac- 
teriol. Proc. 1956, Soc. Am. Bacteriologists, p. 54. 

2 Present address: AG Chemical Co., Inc., Pasadena, Cali- 
fornia. 
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with its surface facing downward (a), the other section 
with its surface facing upward (b). If this is done in 
such a manner that (J/7) is covered on both sides with 
a suitable anaerobic nutrient agar, growth should be 
expected as this procedure is, in principle, identical 
with the customary anaerobic broth culture method. 
Growth is indicated by the topical formation of (black) 
in the environment of each colony. 

Experience showed that the development of colonies 
was very slow, the first visible trace may be delayed 
for many days. Growth occurred consistently earlier 
if the membrane surface (a) carrying the organism 
faced the bottom of the dish, and much later, if at all, 
for the reverse position (b). Furthermore, it was ob- 
served that the nearer the bacteria-bearing surface of 
the membrane was to the bottom of the dish, the earlier 
the growth occurred. These findings seemed to indicate 
the possibility of substantially decreasing the diffusion 
rate of O» (and of other soluble components) across the 
agar (that is, in a vertical direction) by imbedding into 
the plate a membrane parallel to the surface of the 
nutrient which contacts the air. The organisms on the 
downward side of the membrane (a) in figure 1 can 
thus only be reached by those O.-molecules which, 
after diffusing across the agar, pass also the (liquid- 
filled) extremely fine pores of the membrane—in 
contradistinetion to the upward side (b in figure 1) 
which is directly exposed to the O:-transfer through 
the agar. At (a) the rate of O,-influx is apparently 
small enough for quantitative neutralization by the 
reducing agents contained in the nutrient. The mode of 
procedure which resulted in optimal growth develop- 
ment seems to justify this assumption. 

An attempt was made to add a rapidly growing 
aerobic flora (for example, Serratia marcescens) to the 
water sample prior to filtration, in order to introduce 


Aa A 
x 4 
Figure 1. Vertical cross section of culture dish: (M) filter 
membrane imbedded between sterile agar layer (A) and aerobe- 


bearing layer (B), culture facing downward (a), and upward 
(b). 
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Figure 2. Membrane cultures of Desulfovibrio aestuarii at different stages of incubation, without (upper row), and with (lower 
row), aerobic infection of top agar layer (B, cf figure 1). Line pattern on surface bearing the organisms. Photographed through 


bottom of dish. 


an ‘Oo-scavenger” in the early growth stages on the 
submerged membrane. This procedure proved unsuc- 
cessful evidently due to the inhibitory effect of the 
metabolic by-products of the aerobes when developing 
in the immediate vicinity of the anaerobes on the same 
membrane surface. However, the use of the aerobic 
flora as an ‘‘Oo-scavenger”’ was successful if the aerobic 
flora were separated by the membrane from the 
anaerobes, that is, if the diffusion barrier represented by 
the pores of the membrane prevented or delayed the 
inhibitory products of the aerobes from reaching the 
anaerobes. 

The separation was accomplished in the following 
manner: The sterile nutrient agar was poured into the 
dish to level (A) in a thin layer (about 1 in.), the 
membrane was then laid upon this layer, face down- 
ward, and a thick layer (B) (about 3¢ in.) of the same 
nutrient heavily inoculated with a 24-hr culture of a 
fast growing aerobe (such as S. marcescens) was poured 
on top of the first layer. In this manner, a rapid and 
uniform development of the aerobes occurred on the 
level (B), blocking the access of oxygen into the depth 
of the agar, and at the same time consuming the dis- 
solved oxygen within the agar at the start of the 
culture period. With this procedure, the development 
of the anaerobes (and the formation of FeS) rendered 
colony counts easily made after 24-36 hr incubation at 
30 C. 

To facilitate good liquid contact between the mem- 
brane surface and the first agar layer (A), the agar 
content should be low (0.75 per cent), while larger in 
the inoculated layer (B) (2 per cent). 

The nutrient formula evaluated as optimal for these 


Figure 3. Filtrate of Desulfovibrio aestuarii under optimal 
growth conditions after 24 and 48 hr incubation. 


conditions contains in principle the constituents given 
by Miller (1949), Starkey and Wright (1945), as well 
as Grossman and Postgate (1953), though with sub- 
stantial variations in concentration. The nutrient 
composition is as follows: KeHPO,, 0.6 g; MgSOu,, 
0.3 g; Fe(NH4)2(SO,4)2, 0.1 g; sodium lactate, 18.0 g; 
ascorbic acid, 0.3 g; sodium thioglycollate, 0.3 g; Bacto- 
yeast extract, 3.0 g; NaCl, 30.0 g; Bacto-peptone, 3.0 g; 
distilled water, 1000 ml; pH, 7.2. 

The Fe(NH,)2(SO,4)2 indicator is heat labile and is 
prepared as a | per cent solution in sterile water and 
added (1 ml per 100 ml nutrient) to the liquid agar 
just prior to the pouring of the plates. 

The over-all concentration of the nutrient is about 
3 times higher than that used by previous workers for 
broth cultures. This concurs with previous findings 
(Goetz and Tsuneishi, 1951) that the peculiar physical 
growth conditions of the bacteria on the membrane 
surface permits a tolerance of substantially higher 
concentrations of nutrients and minerals with resultant 
rapid colony development. 

The colony count is effected by inspecting the 
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membrane through the bottom of the dish. Figures 2 
and 3 show colonies photographed through the bottom 
of the plate. Figure 2 shows four development stages on 
two different membranes, each after 22, 48, 72, and 
96 hr, where each membrane had been cut in half after 
filtration, and placed in the positions (a) and (b) as 
shown in figure 1. The surface bearing the organisms 
(characterized by imprinted line pattern) and facing 
the bottom of the dish, shows a distinctly higher devel- 
opment of the FeS-growth indicator. The upper row 
represents a development without aerobes in (B); the 
lower row represents the identical culture in the 
presence of aerobes uniformly dispersed in the upper 
layer. In this case, the incubation period was reduced 
from 72 to less than 48 hr and gave a more uniform 
growth development. 

Figure 3 shows the development of colonies following 
filtration of D. aestuarii tested under optimal conditions 
after 24 and 48 hr incubation to show that a complete 
development had taken place after 24 hr as evidenced 
from identical counts at both times. 

Two phenomena, which appear to characterize the 
development of this organism on membranes under the 
conditions above described, seem worthy of mention: If 
a large number of organisms is present on the membrane 
surface, the initial growth period is accompanied by 
the development of numerous gas bubbles. These 
appear on the under side of the membrane and are 
visible sometimes after 12 to 18 hr. These bubbles disap- 
pear in the later growth stages. The appearance of 
black centers of FeS at each colony occurs after 24 hr 
(or even less). However, in the case of dense growth, 
these black zones are replaced by an intense black rim 
around the membrane. The individual colony centers 
do not develop apparently due to a condition concur- 
rent with excessive growth activity of the anaerobe 
which prevents the reduction of the sulfate complex to 
FeS. The same phenomenon may be responsible for 
the gradual disappearance of most or all black coloring 
after extended incubation. 

The rapidity of development of the black zone of 
FeS and the subsequent fading of the color is dependent 
on the thickness of the upper (scavenger-bearing) layer 
(B). If the upper layer is about the thickness (about 
1¢ in.) of the lower layer (A), development occurs as 
early as 24 hr, but the fading of the color sets in at 
about 72 hr. If the upper layer is made 3 to 4 times as 
thick, the color development is delayed for 12 to 16 hr, 
but, once it has developed, it persists for a week or 
more. 

Experiments were made to investigate whether an 
increase of incubation temperature from 30 to 37 C 
would shorten the growth period further (because of 
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the more rapid development of the aerobes). The 
results were not promising. Although the initial growth 
was obviously stimulated by the higher incubation 
temperature, gas bubbles which invariably developed 
below the membrane interfered with the countability. 
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SUMMARY 


An anaerobic culturing method, tested with 
Desulfovibrio aestuarii, is described which does not 
require the control of the atmosphere contacting the 
agar plate. It utilizes a dense aerobic flora (Serratia 
marcescens) as O2-scavenger in the upper layer, and an 
inverted filter membrane as carrier of the anaerobes in 
the lower layer of an agar plate. In this manner, the 
diffusion resistance of the membrane shields the ana- 
erobes against oxygen as well as against the inhibitory 
effect of the aerobic growth. Discrete colonies having 
black centers of FeS-formation are obtained after 24 to 
36 hr incubation at 30 C. Apparently due to subse- 
quent oxidation these centers can disappear after 72 hr. 
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It is common in the field of genetics to search for 
new mutagenic agents by using biochemical mutants 
of Neurospora crassa and Escherichia coli. For example, 
Demerec and co-workers (1951, 1954) have reported 
that both manganous chloride and azaserine were 
effective agents for inducing reverse mutation in 
various kinds of biochemical mutants of F. coli, while 
Kélmark and Westergaard (1953) discovered a new 
effective agent, diepoxybutane, in their reverse muta- 
tion tests employing adenineless mutants of Neuro- 
spora. However, no attempt to apply this technique 
to industrial strains has been published to date. 

X-rays, ultraviolet light, and nitrogen mustard are 
well known mutagenic agents. Methods for broadening 
the range of mutagens useful in industrial processes 
are needed. The method described here is only a trial, 
but the authors believe that this work is suggestive in 
resolving the problem. Two biochemical mutants of 
Streptomyces griseoflawus and 15 mutagenic agents 
were employed in a study of the frequencies of reverse 
mutations from growth factor dependence to nonde- 
pendence after treatments. 


MATERIALS AND METHODS 
Microorganisms 

The original strain of Streptomyces griseoflavus 142? is 
not an industrial strain at present, although it was once 
selected for vitamin Bi: production. The following two 
auxotrophic mutants were derived from the wild strain 
through ultraviolet light irradiation and the filtration 
method (Saito and Ikeda, 1955). 

Streptomyces griseoflavus strain 21 is an isoleucine 
and methionine dependent strain. The requirement of 
isoleucine for growth is not absolute. The frequency of 
spontaneous reversion at the methionine locus is about 
five in 10°. 

Streptomyces griseoflavus strain 218 is an isoleucine, 
methionine, and glutamate dependent strain. The 
frequency of spontaneous reversion at the glutamate 
locus is about four in 10’. 

These strains were stocked on an appropriate amino 
acids-supplemented medium. 

1 Present address: Toyo Brewing Co., Ohito, Shizuoka 
Prefecture, Japan. 


2 Available from Division of Type Culture Collection, Insti- 
tute of Applied Microbiology, University of Tokyo, Tokyo, 


Japan. 


Media 


Sporulation medium. In per cent: glucose, 1.0; as- 
paragine, 0.01; K2:HPO,, 0.05; yeast extract, 0.05; 
peptone, 1.0; agar, 1.8; pH after sterilization, 7.2. 
Conidiospores were obtained from growth on this 
medium. 

Waksman’s medium. In per cent: glucose, 1.0; pep- 
tone, 0.5; meat extract, 0.5; NaCl, 0.5; agar, 1.8; pH 
after sterilization, 7.2. The survivors after treatments 
were cultured on this medium and then counted. 

Minimal medium. In per cent: glucose, 1.0 (sterilized 
independently from the other components); NaNOs, 
0.2; 0.1; MgSO,-7H.O, 0.05; KCl, 0.05; 
FeSO,-7H.O, 0.001; agar, 1.8; pH after sterilization, 
7.0. 

Supplemented media. The reverse mutants obtained 
after treatments were cultured and counted on the 
minimal medium plus isoleucine (50 mg per L) for 
strain 21. Minimal medium plus isoleucine and methio- 
nine (each 50 mg per L) was used for strain 218. 


Mutagenic Agents 


Ultraviolet light. Irradiation was made from a germi- 
cidal lamp (15 watt) without filter, at a distance of 18 
em at a current of 310 ma. 

X-rays. Irradiation from X-ray projector (200 kv, 
25 ma) with 1 mm aluminum filter, at a distance 18 
cm. The density at the distance is about 1000 roentgens 
per min. 

Gamma-rays. Irradiations from cobalt® gamma-ray 
projector (32 curies) with 2 mm aluminum filter, at a 
distance of 15 em. The density at the distance is about 
140 roentgens per min. 

Chemicals. The kind, the concentration, and the 
treatment period are shown in table 1. Among them, 
nitrogen mustard (methyl-bis-(8-chloroethyl)amine 
hydrochloride) was detoxified after treatment by gly- 
cine-NaHCO; solution, but the remaining chemicals 
were diluted directly without neutralization. Steriliza- 
tion was performed by autoclaving at 120 C (acriflavine 
and urethane) and by exposure to X-rays (sodium 
desoxycholate, MnCl, MgCl, 4-nitroquinoline-1- 
oxide, 5-nitro-2-furylmethyl ketone, and sarkomycin). 
Ethylene oxide, hydrogen peroxide, and formaldehyde 
were used without sterilization. 
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Preparation of Conidial Suspension 


The microorganism under study was incubated on 
100 ml sporulation medium in Roux-type flasks for 5 
days at 28 C. The conidiospores present were brushed 
aseptically into 15 ml saline water. After vibrating the 
resulting suspension vigorously for 10 min, it was 
filtered first through sanitary cotton and second 
through a glass filter (Kaburagi G-2-2*). The conidio- 
spores in the filtrate were centrifuged and washed twice 
with sterile water. Finally, they were suspended in 5 
ml phosphate buffer (pH 7.0) in such a manner as to 
result in the suspension containing at least 10° conidio- 
spores per ml. 


’ Kaburagi Scientific Instrument Co., Ltd., Taito-ku, Tokyo, 
Japan. 
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Determination of Surviving and Mutation Frequencies 


Throughout this work, plating was made in sets of 
four plates for each sample. The conidial suspension, 
before and after treatments, was diluted to an appro- 
priate concentration with phosphate buffer, and 0.2 
ml of the sample spread by a glass rod on a solid agar 
plate. The colonies on the plate were counted after 
incubating for 3 days at 28 C. 

The frequencies of survivors after treatments were 
calculated from the number of colonies on Waksman’s 
medium and from the dilution ratio. 

The reverse mutants were counted on isoleucine- 
or isoleucine and methionine-supplemented medium. 
However, where acriflavine, sodium desoxycholate, 
urethane, ethylene oxide, formaldehyde, MnCh, 
MgCh, 4-nitroquinoline-l-oxide, 5-nitro-2-furylmethy] 


TABLE 1 
Reverse mutation tests by physical and chemical agents 
Methionine Locus Glutamate Locus 
Mutagens Conc 
Treatment* Survival Treatment* Survival 
% % 
Ultraviolet light 1.5 min 9.9 1.0min | 25.0 26.8 
2.0 8.0 1.5 2.8 43.6 
2.0 0.5 
X-rays 72,000 r 10.5 72,000 r 24.0 3.2 
96,000 | 20.0 96 ,000 5.0 4.0 
Gamma-rays 100,000 =r 16.7 100,000 r 11.0 3.6 
130,000 23.2 130,000 3.9 5.2 
Nitrogen mustard 0.15 4.0hr | —t 4.5 hr 9.5 11.6 
6.5 — 6.5 0.8 ~ 
Acriflavine 0.002 9.0hr | -- 9.0 hr 11.0 20.0 
12.0 | — 12.0 L2 80.0 
Sodium desoxycholate 0.1 O.5hr | 0.5 hr 9.5 
2.0 | es 2.0 0.8 sie 
Urethane 0.1 0.5 hr _ 0.3 hr 18.0 9.6 
2.0 | ~ 1.5 2.0 — 
Ethylene oxide 1.0 15hr | — 2.0 hr 7.3 -- 
| 3.0 — 4.0 1.0 — 
Hydrogen peroxide 0.1 1.0 hr | 0.6 hr 14.0 — 
| 3.5 3.0 1.6 
Formaldehyde 0.02 | 6.0 hr | _ 5.0 hr 18.0 12.0 
| 9.0 7.5 0.7 
MnCl. 2.4 | 0.5hr | _ 0.6 hr 15.0 8.0 
2.5 | — 1.0 2.6 _ 
MgCl. 0.8 | 10hr | ~ 1.5 hr 12.0 12.0 
3.0 4.5 0.8 
4-nitroquinoline-1- 0.04 16.0hr | 4.0 16.0 hr 6.5 28.0 
oxidet 24.0 10.0 24.0 | 112.0 
5-nitro-2-furylmethyl 0.1 16.0 hr 16.0 hr 7.5 12.0 
ketone§ 24.0 | _— 24.0 1.4 60.0 
Sarkomycin{ 2.0 3.0hr | _ | 2.0 hr 9.0 — 
5.0 | — | 5.0 1.5 — 
Control | 0.5 | 4.0 


* Technically, 5 ml conidial suspension were mixed with 5 ml chemical solution, and the mixture placed at 28 C for the time 


indicated. 


+ No reverse mutants were recovered at the corresponding survival per cent. 


t Antifungal substance (Okabayashi, 1955). 
§ Antifungal substance (Ando et al., 1954). 
€ Antitumor antibiotic (Umezawa ef al., 1953). 


i 
| 
i 
i 
j 


ne 


1958} 


ketone, and sarkomycin were employed as mutagenic 
agents, the various media were supplemented with 
small quantities of the agents. This was done in order 
that the resulting media might contain an equal 
amount of each chemical after plating at various dilu- 
tions. If this consideration had not been made, the 
chemical in the treated suspension would be transferred 
to agar plates in different concentrations because no 
detoxifying process was undertaken in the experiments. 
Consequently, the conidiospores spread without dilu- 
tion would be exposed to the mutagen for a longer time 
than those with dilution. 

By counting the actual number of reverse mutants 
on supplemented medium and referring to the surviving 
number on Waksman’s medium, the frequencies of re- 
verse mutations after treatments per 10’ survivors 
were calculated as a measure of mutagenic activity. 


RESULTS 
Spontaneous Mutability 


During the course of this study, spontaneous mutation 
occurred in the frequencies 5.2 X 10-* with regard to 
methionine locus and 4.1 X 1077 with regard to gluta- 
mate locus (table 2). In strain 218, the surviving co- 
nidiospores decreased spontaneously from 2.0 X 10- to 
3.4 X 10-7 when they were stored in phosphate buffer 
(pH 7.0) for 24 hr at 28 C. No special attention was 
paid to this fact except in the one case which is described 
below. 


Induction of Reverse Mutation at the Methionine and 
Glutamate Loci 


In the preliminary work, the survival curves of co- 
nidiospores after treating them with different agents 
for different times were studied. Although it was pref- 
erable to employ the chemicals (with some exceptions) 
in higher concentration than in the cases in table 1, 
they were diluted intentionally to the concentration 
for the following reason. No method of detoxifying 
these chemicals after treatment was known and it was 
difficult to recover sufficient numbers of conidiospores 
(more than 10° per ml) when the treated suspension 
was centrifuged. To circumvent this disadvantage, the 
experiments were planned, as mentioned above, to 
expose every conidium to equal concentration of the 
chemical even after plating. The chemical addition was 
made just prior to plating. 

Table 1 summarizes the data thus obtained. Ultra- 
violet light, X-rays, and gamma-rays proved to be 
effective in the induction of reverse mutation at the 
methionine locus, while the effect of X-rays and gamma- 
rays upon the reversion at the glutamate locus was not 
clear. Among twelve chemicals tested, 4-nitroquino- 
line-1-oxide was most effective in both cases, and acri- 
flavine and 5-nitro-2-furylmethyl ketone followed it in 
one case. Nitrogen mustard did not show significant 
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mutagenic activity as far as these experinents are con- 
cerned. 


Reevaluation of the Mutagenic Activity of 
4-Nitroquinoline-1-Oxide 


Because 4-nitroquinoline-l-oxide proved an effec- 
tive mutagenic agent, and as no detailed report about 
the mutagenic activity of this agent for Streptomyces 
had been published previously, more extensive experi- 
ments were carried out. 

The conidiospores were treated with 0.04 per cent 
4-nitroquinoline-1-oxide for from 3 to 24 hr and then 
plated on four different media (noted in the footnote 
of table 3). Enough of the mutagenic agent was added 
to media IT, III, and IV to make the final concentra- 
tion of it in the plates about 0.0004 per cent (generally 
0 to 0.2 ml). As the results in table 3 show, the frequency 
of reverse mutation at the glutamate locus was en- 
hanced from 4.4 to 126.0 per 10? equivalent survivors 


TABLE 2 
Spontaneous reversion frequencies 
Frequencies 
Expt. No. 
Methionine locus Glutamate locus 
1 4.2 X 107 
2 5.0 3.3 
3 6.9 3.6 
4 5.6 4.6 
5 4.4 5.0 
6 5.3 3.2 
7 4.3 4.5 
5.2 X 10-8 4.1 X 1077 
TABLE 3 


A repeated test of the mutagenic effect of 4-nitroquinoline-1-oxide 
on the reverse mutation of glutamate locus 


Per Cent of Survivors on Mutation Per 
Treatment 
Medium I* [Medium 11) Medium | Tnitialt | 
hr 
0 100.0 70.0 67.0 4.4 4.4 
3 79.2 50.5 48.0 4.4 6.2 
6 60.0 39.0 35.5 4.6 8.2 
9 41.0 22.1 18.6 4.0 12.7 
16 10.2 6.0 6.2 2.6 30.4 
24 1.9 1.0 1.0 1.8 126.0 


*Medium I = Waksman’s medium. 
Medium II = Waksman’s medium plus chemical. 
Medium III = Minimal medium supplemented with iso- 
leuciné, methionine, glutamate, and the 
chemical. 

Medium IV = Minimal medium supplemented with iso- 
leucine, and methionine. 

+ The reverse mutants were counted on medium IV, and 
the number of colonies at 0 time on medium II, 2.1 X 107, was 
taken as the base of calculation. 

t The actual number was 3.0 X 1077. 
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when they were exposed to the drug for 24 hr. The 
reason the mutation frequency per 10’ initial conidio- 
spores does not exceed 4.4 may be that no attention had 
been given to the autodecay phenomenon of the conidi- 
ospores. When this phenomenon was considered, the 
frequency became approximately 4 xX 1077 at 0 time, 
5 X after 3 hr,5.8 X 10~ after 6 hr,6.0 X after 
9 hr, 6.5 X 10~7 after 16 hr, and 11 X 10~ after 24 hr (or 
per 10’ condiospores). In addition, it seems improbable 
that the reverse mutants, which existed in a very small 
number prior to the treatment, might have taken a 
selective advantage in surviving during the treatment, 
because no reverse mutant tested survived longer than 
strain 218. 

To test whether or not the resultant reverse mutants 
were really nonrequirers of the corresponding growth 
factor, glutamate, the colonies which appeared on me- 
dium IV were transferred to minimal medium supple- 
mented with isoleucine and methionine. Consequently, 
all of the tested colonies proved to be nonrequirers of 
the amino acid, though there still remains the problem 
of whether this change is really due to reverse mutation 
at the corresponding locus or whether it is the result of 
suppressor mutation at another locus. 


DISCUSSION 


As stated in the introduction, the authors intended 
in this paper to introduce a new method to the field of 
microbial genetics. Now that the first part of the re- 
search has been done, we are faced with a dilemma. The 
mutagenic agent which had been evidenced effective 
upon one mutational character was not effective upon 
another. Does this mean that this kind of work is of no 
value? The authors do not think so. It seems unavoid- 
able, as suggested by Demerec (1955) and other 
geneticists, that any mutagenic agent could not be uni- 
versally active against every kind of mutational char- 
acter. The event depends on the kind of mutagenic 
agent as well as on the genetic background of the 
character. 

Frequently experienced by industrial breeders is the 
phenomenon whereby certain antibiotic-producing 
strains have been significantly improved by changing 
mutagenic agents. This raises the question: How should 
effective agents be screened in a laboratory or in a fac- 
tory? In the authors’ case, this work was carried out to 
screen effective agents for improving a leucomycin- 
producing strain of Streptomyces kitasatoensis (Hata 
et al., 1953) and, as a result, ultraviolet light, gamma- 
rays, and 4-nitroquinoline-1-oxide were selected as the 
mutagenic agents of choice. The improvement work is 
still in progress, but an improved strain producing 
twice as much antibiotic has been developed by gamma- 
ray treatment. 

The mutagenic activity of 4-nitroquinoline-1-oxide 
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was reported for the first time by Okabayashi (1955). 
He applied this antifungal compound to his study on 
induced mutations in species of Aspergillus and re- 
ported that some morphological and sclerotia-forming 
mutants were developed by the treatment. Also, 
Yamagata and co-workers (1956) have succeeded in 
isolating biochemical mutants from a wild-type strain 
of Aspergillus oryzae treated with this agent. The paper 
presents evidence that this agent is also effective on 
the induction of reverse mutation of two loci of S. 
griseoflavus. The conditions presented here are not 
directly related to industrial processes, but the fact 
that 4-nitroquinoline-l-oxide is a useful mutagenic 
agent seems to be undeniable. Okabayashi proposed 
that this agent might react with sulfhydryl radicals of 
cell components, but the present authors have not 
attempted to study the mechanism of mutagenic 
action. 
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SUMMARY 


The conidiospores of two biochemical mutants were 
exposed to three physical agents and twelve chemical 
agents, the intention being to select agents effective 
upon the induced mutation of species of Streptomyces. 
Ultraviolet light, X-rays, and gamma-rays effectively 
increased the reverse mutation of the locus responsible 
for methionine synthesis. X-rays and gamma-rays did 
not effect the reverse mutation rate at the glutamate 
locus. The differences in response of particular loci to 
the same mutagenic agent were generally observed. Be- 
cause the mutagenic activity of 4-nitroquinoline-1- 
oxide was significant in both cases, the conditions affect- 
ing its mutagenic ability were studied in more detail. 
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Freeze-drying and subsequent rehydration subject 
bacteria to conditions that may induce injury. In some 
cases the permeability of the cell membrane may be 
altered so that substrates not utilized by the intact cell 
are readily attacked (Hestrin and Lindegren, 1950; 
Campbell and Stokes, 1951). However, the injury may 
result in the destruction of one or more sensitive en- 
zymes, or factors necessary for enzyme activity. It has 
been reported that a freeze-dried preparation of Serra- 
tia marcescens dissimilates glucose in a two-step pattern 
instead of the steady rate observed with fresh cells 
(Wasserman et al., 1956). 

The studies herein reported suggest that changes 
which take place during freeze-drying, storage, or 
reconstitution, or a combination of these, may result 
in the destruction or inactivation of an enzyme or 
enzymes involved in the oxidation of 2-ketogluconic 
acid by S. marcescens. 


MATERIALS AND METHODS 


Three freeze-dried preparations of S. marcescens were 
obtained from the Northern Utilization Research and 
Development Division, Agricultural Research Service, 
Peoria, Illinois. The cells for each preparation were 
grown in a medium of the same composition, concen- 
trated, and combined with a drying stabilizer, quick- 
frozen and vacuum-dried under approximately the 
same conditions. At the time of testing, the percentages 
of viable cells present in vacuum sealed tubes of prepa- 


‘This work was carried out under a contract with the 
Chemical Corps, Fort Detrick, Maryland. 

2A Laboratory of the Eastern Utilization Research and 
Development Division, Agricultural Research Service, U. S. 
Department of Agriculture. 


rations 1, 2, and 3* were 70, 70, and 29, respectively. A 
loss of 30 per cent of the viable cells had occurred in 
preparation 2 during 18 months’ storage over Drierite* 
at —18 C, whereas the cells of preparation 3 decreased 
from an initial 55 per cent drying recovery to 29 percent 
after 10 months’ storage at —18 C. Preparation 1 had 
been dried 2 weeks before the study began. 

Warburg experiments were carried out by conven- 
tional manometric techniques, using glucose or 2-keto- 
gluconic acid as substrate. Each flask contained 0.5 
ml of 0.05 m Tris buffer [tris(hydroxymethyl)amino 
methane] pH 7.2; 100 ug of inorganic phosphorus; 0.5 
ml of cell suspension (containing 4.0 mg dry weight); 
2.5 umoles of appropriate substrate; and water to 2.0 
ml. Sodium arsenite, 0.1 ml of 0.1 mM solution, was added 
as indicated in the text. Total gas exchange values were 
corrected for endogenous metabolism. 

Calcium 2-ketogluconic acid was obtained through 
the courtesy of Dr. F. H. Stodola, of the Northern 
Utilization Research and Development Division, Agri- 
cultural Research Service. 2-Ketogluconic acid (2-KG) 
was determined colorimetrically by the method of 
Lanning and Cohen (1951), and chromatographically 
by the method of DeLey (1955). 


RESULTS 


The oxidation of glucose by the three dried prepara- 
tions of S. marcescens isshown in figure 1A. Preparations 
1 and 2 oxidized glucose at a steady rate, although the 
rate of oxidation by no. 2 was somewhat slower than 

3 Preparations 1, 2, and 3 refer to the freeze-dried S. marces- 


cens preparations D-84-1, D-8, and D-37-4, respectively. 
4W. A. Hammond Drierite Co., Xenia, Ohio. 
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that by no. 1. Preparation 3 oxidized glucose to almost 
the same extent, but in two steps, with a leveling off 
between the steps at approximately 1.3 moles of oxygen 
consumed per mole of glucose. Chromatographic analy- 
sis of the metabolite solution at the level of the first 
step revealed an accumulation of 2-KG. 

With 2-KG substrate (figure 1B), immediate oxida- 
tion occurred only with preparation 1. There was a lag 
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Figure. 1 Oxidative patterns of freeze-dried preparations of 
Serratia marcescens in the presence of glucose and 2-ketoglu- 
conate. 
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Figure 2. Oxidative patterns of freeze-dried preparations of 
Serratia marcescens in the presence of glucose and 2-ketoglu- 
conate, plus sodium arsenite. 


TABLE 1 
Carbon dioxide production from glucose and 2-ketogluconate 
by Serratia marcescens in the presence and absence 
of 0.005 m sodium arsenite 


uMoles of COz per Mole of Substrate 


Preparation 
Glucose 2-Ketogluconic | 
Glucose + arsenite acid 
1 3.0 2.1 2.2 2:2 
2 2.8 1.4 2.0 0.2 


3 2.5 0.3 2.0 | 0.3 
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period of about a half-hour before preparation 2 
started to oxidize 2-KG, and approximately 1 hr before 
preparation 3 began to consume oxygen. Analysis of the 
supernatant during the lag period of the oxidation by 
preparation 3 indicated that all of the original 2-KG 
added could be accounted for as 2-KG-reactive material 
by the method of Lanning and Cohen (1951); thus 
extensive nonoxidative alterations in the 2-KG mole- 
cule apparently had not occurred. 

Further emphasis of the differences among the dried 
cell preparations was obtained when 0.005 m sodium 
arsenite was added to the medium. Glucose oxidation 
(figure 24) occurred with an uptake of 2 moles of oxy- 
gen per mole of glucose with preparation 1, and an 
uptake of 1.7 moles with preparation 2. However, the 
rate of oxygen consumption of preparation 2 in the 
presence of arsenite was considerably slower than that 
of preparation 1. The oxidation of glucose by prepara- 
tion 3 was halted by the inhibitor at the first step of the 
oxidation (that is, at approximately 1.3 moles of oxygen 
per mole of glucose). 

The oxidation of 2-KG by preparations 2 and 3 in the 
presence of arsenite (figure 2B) was almost completely 
inhibited, but with preparation 1 there was a decrease 
of only | mole of oxygen per mole of substrate. 

Carbon dioxide evolution (table 1) similarly reflected 
the differences in the enzymatic composition among the 
cell preparations and the effect of arsenite on the me- 
tabolism of glucose and 2-KG. Without arsenite, the 
CO. formed from glucose was approximately the same 
for all three preparations. In the presence of the in- 
hibitor, CO. evolution by preparation 1 was inhibited 
33 per cent, preparation 2 was inhibited 50 per cent, 
and evolution of CO, by preparation 3 was almost com- 
pletely inhibited. With 2-KG as substrate, about the 
same quantity of CO, was formed by all three prepara- 
tions in the absence of arsenite. There was no effect of 
the inhibitor on CO: formation by the cells of prepara- 
tion 1, but gas evolution by the other two preparations 
was almost completely inhibited. 


DISCUSSION 


The oxidative patterns of glucose and 2-ketogluco- 
nate dissimilation by three S. marcescens preparations, 
grown and freeze-dried presumably in a comparable 
manner, appears to indicate that at least one, and pos- 
sibly two, enzymes were inactivated in drying or restor- 
ing the cells. The pattern of oxidation of the two 
substrates by preparation 1 was similar to that previ- 
ously observed with freshly grown cell preparations. 
Preparation 1, therefore, may be considered to possess 
the normal patterns of oxidation. Although preparation 
2 was able to oxidize glucose to approximately the same 
level as preparation 1, the decrease in rate indicates 
some impairment in enzymatic function. This prepara- 
tion also required a lag period prior to 2-KG oxidation. 
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Preparation 3 oxidized glucose in two stages, and 2-KG 
only after a long initial lag period. 

The lag periods required for 2-KG oxidation by 
preparations 2 and 3 probably indicate a period of syn- 
thesis required for the formation of the enzyme (or an 
activation factor) that can initiate the dissimilation of 
this substrate. Since this enzyme was active in prepa- 
ration | it may be assumed that its inactivation oc- 
curred during the treatment of the other cell prepara- 
tions. 

Further enzyme loss is shown by preparation 3 in the 
oxidation of glucose; that is, after approximately 1.3 
moles of oxygen per mole of glucose is taken up, the 
rate of oxygen consumption decreases and a compound 
reacting like 2-KG accumulates. This leads to the sup- 
position that an enzyme converting 2-KG to the next 
compound in the metabolic chain has also been inacti- 
vated. However, this enzyme is present in preparation 
2, which is capable of oxidizing glucose to completion 
without interruption. It is postulated, therefore, that 
the oxidation of glucose and 2-IXKG may proceed by the 
following pathway: 


externally added 


glucose 2-ketogluconate 
| \ 
| 
gluconate + “2-ketogluconate-like compound” 
(gluconolactone?) (2-ketogluconolactone?) 
ete. <— X 


Thus, preparations 2 and 3 both lack enzyme A, which 
converts externally added 2-KG to a “‘2-KG-like com- 
pound,” and preparation 3 also lacks enzyme B for 
further dissimilating the 2-KG-like compound. The 
necessity of activating two enzymes would also explain 
the longer lag period required for the oxidation of 
2-KG by preparation 3. The nature of the ‘‘2-ketoglu- 
conate-like compound” is not known. However, Brodie 
and Lipmann (1955) and Cori and Lipmann (1952) 
have shown that glucose is oxidized to gluconolactone, 
which is hydrolyzed, phosphorylated, and oxidized to 
2-keto-6-phosphogluconate. Although it is possible that 
the postulated intermediate is a phosphorylated 2-KG, 
chromatographic analysis has not revealed phosphory- 
lated 2-KG compounds (Wasserman et al., 1956). As 
an alternative, it is suggested that gluconolactone is 
oxidized in the lactone form to yield 2-ketogluconolac- 
tone, which is then decarboxylated to CO, and pentose. 

Sodium arsenite is a classical inhibitor of pyruvic acid 
oxidation due to the reaction of the arsenite with the 
coenzyme, lipoic acid (Gunsalus, 1953). Thus, the in- 
hibition of other oxidative decarboxylations (as in the 
further degradation of 2-KG) could imply the involve- 
ment of lipoic acid as a coenzyme. However, since 2-KG 
decarboxylation by preparation 1 continues uninhib- 


ited in the presence of arsenite, it is doubtful that the 
inhibitor prevents 2-KG dissimilation by this mecha- 
nism. It appears, therefore, that sodium arsenite may act 
by inhibiting enzyme (or enzyme activator) formation 
in preparations 2 and 3. Bernheim (1954) has shown 
that arsenite inhibited, to the extent of 50 per cent, the 
adaptive formation of benzoic acid oxidase by Pseudo- 
monas aeruginosa. 

The prolonged storage of two of the dried cell prepa- 
rations may be a contributing factor in the decrease of 
the enzymatic activity, but if so, this factor should be 
of secondary importance. Theoretically, a cell dried 
without injury, and stored under ideal conditions, 
should rehydrate to its original state. However, cells 
injured during freezing or drying, even if stored under 
perfect conditions, could gradually deteriorate, or could 
be killed by improper rehydration. Thus preparation 3, 
with a 45 per cent loss in viable cells immediately 
following dehydration, and a further 46 per cent loss 
during 10 months of storage, was apparently seriously 
injured during the preparative process. Under these 
conditions the viable cells were still able to oxidize the 
substrates, although in an abnormal manner. Arsenite, 
in concentrations not harmful to normal cells, sharply 
restricted the enzymatic activities of these injured cells. 
Preparation 2 was frozen and dried with apparently 
very little injury to the cells, since 100 per cent recovery 
of viability was obtained immediately following dehy- 
dration, and only 30 per cent of the cells became non- 
viable following 18 months of storage. However, an 
injury must have been inflicted on the cells, since their 
enzymatic activity differed from that of normal cells. 
Preparation 1, dried shortly before use, had a recovery 
of 70 per cent of viable cells, and showed an enzymatic 
pattern similar to that of fresh cells. It was not possible 
to follow these cells in storage to determine whether 
any injury to the remaining viable cells would develop 
or whether the cell injuries that accounted for the 
initial deaths were the only ones sustained. 

Thus at the present time it is not possible to defi- 
nitely rule out storage as contributing to the enzymatic 
defects noted in this study, but it is believed the primary 
injury was sustained prior to storage. 


SUMMARY 


A study of the glucose and 2-ketogluconate oxidations 
by three freeze-dried preparations of Serratia marces- 
cens reveals differences in enzymatic composition that 
could occur as a result of freeze-drying or rehydration. 
The enzyme(s) involved in 2-ketogluconate oxidation, 
inactivated in two of the three preparations, could be 
reactivated during a lag period in the presence of the 
substrate. The relationship of the enzyme(s) to 2-keto- 
gluconate oxidation, and the action of sodium arsenite, 
is discussed. 
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In view of continued developments in antibiotic re- 
search and interest in streptomycete taxonomy over the 
past several years, we believe that an up-to-date com- 
pilation of the many-named species, together with 
designated antibiotics produced by antagonistic strains, 
would aid investigators in these areas of research. The 
reader will note also that the manuscript emphasizes 
the desirability of careful evaluation, maintenance, and 
preservation of strains of interest before assigning new 
species or antibiotic names. The results of our studies 
of original descriptions and of some of the strains listed 
herein clearly indicate that some investigators have 
ignored taxonomic treatises and have failed to carefully 
examine their strains through lack of knowledge of the 
techniques ideally suited for evaluation of these forms. 
Our results also suggest a logical and practical pattern 
to follow in developing a system for classification of the 
streptomycetes. Insofar as possible we have attempted 
to follow the International Code of Botanical Nomen- 
clature. We have chosen to follow this code for two 
reasons. The International Bacteriological Code of 
Nomenclature provides only for the taxon Subgenus 
between the taxa Genus and Species. Because of the 
peculiar nature of streptomycete taxonomy, that is, the 

1 Presented in part at the meeting of the Society of Ameri- 


ean Bacteriologists held at Detroit, Michigan, April 28 to 
May 2, 1957. 


marked economic significance of these forms coupled 
with their substantial interest to both expert and novice, 
we believe that the creation of subgenera would only 
add more confusion. The International Code of Botani- 
cal Nomenclature, on the other hand, provides for a 
number of taxa between Genus and Species. In our 
opinion, placement of strains of the genus in Sections 
would effect the indicated subdivisions and yet retain the 
concept of a single inclusive genus. A second reason for 
following the Botanical Code rests on our belief that 
the streptomycetes more closely resemble the micro- 
fungi rather than the bacteria in their morphological 
and cultural habits. In order to clarify our views we 
have formalized four of the proposed sections with 
Latin descriptions and designations of type material 
and have included three additional sections that are not 
formalized. We believe that the material as presented 
herein should serve as a guide to both experts and 
novices in the taxonomic evaluation of strains of in- 
terest. 

After more than a decade of intensive investigation 
of streptomycetes, microbiologists are still confronted 
with the difficult task of identifying strains of these 
microorganisms. Of particular concern is the problem 
of characterizing isolates so that they can be readily 
recognized later. Of further concern is the difficulty 
encountered in identifying unknown strains using the 
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systems presently available. These difficulties have 
their origin in the development of keys based princi- 
pally on physiological criteria. A résumé of the principal 
investigators and their criteria for classification is given 
in table 1. 

Major reliance on physiological criteria for grouping 
and speciation in the genus has led to the creation of a 
large number of ‘‘new species” (more than 100 since the 
discovery of actinomycin in 1940). This trend will con- 
tinue as long as new antibiotics or other interesting 
compounds are discovered as metabolic products of 
streptomycetes unless reliance is placed on more 
constant taxonomic characteristics. The continuing 
addition of new species is not surprising when one con- 
siders the marked physiological diversity demonstrated 
in this genus. In our opinion, many of the new species 
are no more than varieties or physiological forms of 
valid ones already described. Once studied and com- 
pared with valid species, some of the new species could 
undoubtedly be rejected or placed in synonymy. 

After study of the pertinent literature and of numer- 
ous streptomycete isolates in the laboratory, we believe 
that the concept of speciation in the genus will be 
clarified, the inter- and intra-relationships of strains will 
be indicated more clearly, and ranges of variation within 
a particular group will be pointed out if more emphasis 
is given to the morphology of the sporophores of these 
forms. With primary emphasis on morphology, the 
species group concept, previously based on physiological 
criteria, may have a more stable foundation. Further 
differentiation of strains within each proposed ‘mor- 
phological section” could be brought about by a re- 
evaluation of the many physiological tests now avail- 
able and by the selection, for routine application, of 
those which appear to be most useful. 

In a comprehensive study of a series of blue, blue- 
green or green-spored isolates, Hesseltine et al. (1954) 
suggested that cultures be collected and grouped in part 
on the basis of spore color. Subsequently, some diffi- 
culties were encountered in this approach and the 
present report relies heavily on the morphology of 
sporophores for the initial placement of strains. 

In our studies over the past several years we have 
reached several conclusions that have influenced our 
concept of speciation in the genus. These are: 

1. The morphology of the sporophores of a particular 
strain does not appreciably change on substrata that 
support optimal formation of aerial mycelium, sporo- 
phores, and spores. We have confirmed this fact time 
after time in our laboratory with a varied assortment of 
strains. We do not subscribe to statements that have 
been made from time to time indicating that morpho- 
logical patterns exhibited by streptomycetes are subject 
to considerable variation. Unless degeneration of a 
particular strain has occurred through improper main- 
tenance, the morphology of its sporophores can be 


determined with relative ease by direct observation of 
Petri plate cultures at magnifications ranging from 
100 X to 500 X. At lower magnifications the gross de- 
tails of the sporophores can be established. At higher 
magnifications details of the spore chains can be clearly 
seen. The methods and media recommended for deter- 
mining morphology of streptomycetes have been de- 
scribed elsewhere (Hesseltine et al., 1954; Pridham et al., 
1957). 

2. The genus Streptomyces can be subdivided into 
several distinct “morphological sections.” Following 
subculture of a streptomycete strain on Czapek’s 
solution agar, Hickey and Tresner’s “amidex’”’ agar, 
and tomato-paste oatmeal agar, morphological exam- 
inations are made after two weeks’ incubation at 28 to 
30 C. If there remains a reasonable doubt with respect 
to placement of the strain in the proper section or if a 
more complete characterization is required, it also is 
subcultured on the following agar-containing media: 
Bennett’s, inorganic salts-starch, yeast extract, tomato 
paste, potato glucose, Carvajal’s oatmeal, and aspara- 
gine glucose (Pridham et al., 1957). 

3. Based on the color of the spores en masse (color of 


TABLE 1 
Principal workers and contributions to taronomy of 
streptomycetes 
Number of 
Investigator Criterion or Criteria Used Major Groups 
Proposed 
Krainsky (1914) Size of single-spore colonies 2 
Waksman and Proteolysis and formation 4 


Curtis (1916) 
Drechsler (1919) 


of soluble pigment 
Morphology of  sporo- | (No defined 


phores groups) 
Waksman (1919) Formation of soluble pig- 2 
ment 
Millard and Burr | Growth characteristies in 5 
(1926) glycerine synthetic solu- | 
tion 
Jensen (1930) Formation of soluble pig- 2 
ment 
Duché (1934) Cultural characteristics | (Several 
| keys and 
| groups) 
Waksman and Ecology and temperature 4 


Henrici (1948) requirements 
Krassilnikov (1941, | Morphology of  sporo- 2 
1949) phores | 
Baldacci et al. (1953); Color of vegetative myce- | 2 
lium 
Baldacci et al. (1954), Color of vegetative myce- 2 
lium 
Hesseltine ef al. | Spore color and morphol- 8 
(1954) ogy of sporophores 
Yamaguchi and Morphology of  sporo- 4 
Saburi (1955) phores 
Gauze et al. (1957) | Color of aerial mycelium 15 
and color of vegetative 
mycelium 
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sporulating aerial mycelium at maturity), each mor- 
phological section of the genus can be further subdivided 
into “sertes.”” Each series can probably be further de- 
lineated, on the basis of physiological criteria, into 
groups of closely related forms that represent our 
present concept of ‘species.’ Additional delimitation 
then can be used to create “varieties” or “physiological 
forms,” if need be. 

4. Present concepts of the genus Streptomyces are 
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being interpreted quite broadly by many investigators. 
Some of the strains of microorganisms identified as 
members of the genus may in reality belong to other 
genera of fungi. The solution of this problem awaits 
clarification of the taxonomy of these forms at the 
generic level. 

If one considers the various morphological entities 
occurring in this genus, there is suggested a possible 
phylogenetic scheme for evolution of the various types 
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Figure 1. Suggested evolutionary development of morphological types in the genus Streptomyces 
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from a common ancestor characterized by extremely 
simple reproductive structures. Our conception of 
possible evolutionary trends in the genus is presented in 
figure 1. 

Examination of figure 1 suggests an explanation for 
anomalies, which occasionally have been reported to 
occur for various species, for example, in some cases 
straight, hooked, and open-loop sporophores may be 
observed in a single culture. These strains may repre- 
sent “intermediate” or “transition” forms evolving 
from the straight or flexuous types. 

The proposed phylogenetic scheme admittedly is the 
result of speculation. It is included to more clearly 
define the system we are proposing. While it may not 
truly represent evolutionary stages in the strepto- 
mycetes, it does suggest a simple and practical pattern 
to follow in developing a more acceptable system for 
formal classification of these microorganisms. 

Accordingly, we propose the subdivision of the genus 
Streptomyces into seven morphological sections. These 
are: 

1. Rectus-Flexibilis (RF). Streptomycetes with 
straight, flexuous, or fascicled sporophores; no spirals 
(figure 2). 

2. Retinaculum-Apertum (RA). Streptomycetes with 
sporophores as hooks, open-loops, or greatly extended 
(primitive) spirals (figure 3). 

3. Spira (S). Streptomycetes with sporophores as 
either short, gnarled, or compact spirals or extended 
long and open spirals (figure 4). 

4. Monoverticillus (MV). Streptomycetes with spo- 
rophores as primary verticils or whorls attached to 
long, straight branches; no spirals (figure 5). 

5. Monoverticillus-Spira (MV-S). Streptomycetes 
with sporophores as primary verticils or whorls at- 
tached to long, straight branches; elements of verticils 
or whorls spiralled (figure 6). 

6. Biverticillus (BIV). Streptomycetes with sporo- 
phores as compound verticils or whorls attached to 
long, straight branches; no spirals (figure 7). 

7. Biverticillus-Spira (BIV-S). Streptomycetes with 
sporophores as compound verticils or whorls attached 
to long, straight branches; elements of secondary ver- 
ticils or whorls spiralled (figure 8). 

We have chosen to subdivide each section into six 
“series” based on spore color (color of sporulating 
aerial mycelium at maturity). These are: 

1. White. 

. Olive-buff (buff to tan to olive-buff). 

. Yellow. 

. Blue (blue to blue-green to green). 

Red (pink to red to lavender to lavender-gray). 

6. Gray (light-gray to mouse-gray to brown-gray 
to gray-brown). 

Three of the proposed sections (Monoverticillus, 
Monoverticillus-Spira, and Biverticillus-Spira) are in- 
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Figure 2. Section Rectus-flexibilis 
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Figure 3. Section Retinaculum-apertum 
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cluded to develop an orderly morphological system for 
cataloging strains. Although our collection of strepto- 
mycetes contains no isolates that could be placed with 
certainty in any of these sections, there are allusions 
to these morphological types in the literature. In our 
opinion, these sections have no valid taxonomic status 
at present. While this treatment may seem somewhat 
presumptuous we believe that their inclusion will 
assist in clarifying some of the problems that arise in 
any discussion of taxonomic systems for the strepto- 
mycetes. These sections have not been formalized with 
Latin descriptions or with designations of type material. 

The various morphological types which characterize 
each section are illustrated. The presence of more 
than one distinct type in some of the sections suggests 
further subdivision or the possibility that some of 
these are not streptomycetes. It is our hope that other 
investigators also will help to clarify this situation. 
The work involved is more than one person or a single 
team could accomplish in a reasonable time. Accord- 
ingly, the information and results presented are sug- 
gested as a guide for those who choose to study more 
precisely a selected group of strains or species. 

Each section description has a provisional guide to 
the series and component species and strains within 
the section. The guide is based on a rather thorough 
survey of original descriptions and/or illustrations, as 
well as on our study of some acquisitions. 

Emphasis has been placed on cataloging individual 
strains since many descriptions studied indicate prob- 
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able errors in identification and assignment of names. 
For that reason, the same specific epithet may be 
found in more than one section. Only those epithets 
in Boldface Type should be considered in a nomen- 
clatural evaluation of the components of any one 
section. 

Most of the named species of economic significance, 
as well as strains producing named antibiotics, are 
listed in the guide. 

We believe that the strains listed in each section 
represent a group of organisms more closely related 
than groups selected by other criteria. Intensive study 
of the component strains in any one section should aid 
in clarifying some of the confusion now existent, in 
evaluating the synonymy of certain species, and in 
establishing the common identity of certain antibiotics. 
For example, examination of section Retinaculum- 
Apertum shows three named species: S. virginiae pro- 
ducing actithiazic acid, S. acidomyceticus producing 
acidomycin and aliomycin, and S. cinnamonensis 
producing cinnamonin. Acidomycin and cinnamonin 
since have been demonstrated to be chemically iden- 
tical with actithiazic acid. We have examined strains 
of these three species and find that they are identical 
with regard to morphology and spore color. It is antici- 
pated that these strains would exhibit similar carbon 
utilization patterns, as well as other similar physio- 
logical characteristics. The mycobacidin-producing 
strain of S. lavendulae probably would exhibit the same 
cultural characteristics since mycobacidin, too, has 
been identified as actithiazic acid. There also is the 
good possibility that all of these strains produce a 
second antibiotic identical with aliomycin. Other 
examples of this type are evident on study of the guide. 

In the guide a check list of “unclassified” strains 
and species is included. The majority of the cultures 
listed as “unclassified” includes those for which de- 
scriptions are incomplete or absent, degenerates of 
available forms, or strains which are no longer avail- 
able in any known culture collection. Their taxonomic 
status will remain questionable until some disposition 
is made of the inadequate original descriptions or until 
reliable type cultures can be obtained and studied. 

Boldface Type designates the original species and/or 
strain description. All subsequent use of the specific 
epithet is printed in italics. Strains that we have 
studied are denoted with an asterisk (*) preceding 
the specific epithet. 

Use of the guide should enable an investigator to 
determine with greater certainty the proper relation- 
ships of streptomycete strains of interest. The guide, of 
course, is subject to amendment and correction as more 
cultures are obtained and studied and as decisions are 
reached concerning the validity of certain species de- 
scriptions. 

At present, we are using this system of classification, 
supported by the necessary biological and chemical 
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data, to determine the nature of promising antibiotic 
factors. Our results indicate that the system may have 
real merit in simplifying antibiotic screening work and 
in clarifying concepts of speciation in the genus Strep- 
tomyces. 
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SUMMARY 

Subdivision of the genus Streptomyces into four dis- 
tinct morphological sections is proposed as an aid in 
classification. Three additional sections are provision- 


ally included to properly orient the reader. Each sec- 
tion is characterized by a distinctive morphology of 
the sporophores of mature cultures and is described and 
illustrated. More precise evaluation of the component 
strains of any one section should permit an investi- 
gator to determine the ranges of variation within 
species, clarify concepts of speciation within the genus 
and to reject, or place in synonymy, certain species. 

A provisional guide to sections, based on morphology 
of sporophores, and to series, based on spore color, 
is included. Component species and strains in each 
series and section are listed. From study of the lists, 
it is apparent that numerous strains have been mis- 
identified and that many species could be reduced to 
synonymy. 


Key to Sections—Based Primarily wpon Morphology 


AA. Streptomycetes with sporophores not verticillate or whorled................00.ccceccceccneneecetecscetcettenseeeees E 
C. Streptomycetes with monoverticillate sporophores; no Section Monoverticillus 


CC. Streptomycetes with monoverticillate sporophores; elements of verticils or whorls spiralled. .. .Section Monoverticillus-Spira 


D. Streptomycetes with biverticillate sporophores; no spirals 


DD. Streptomycetes with biverticillate sporophores; elements of secondary verticils or whorls spiralled 


Section Biverticillus-Spira 


FE. Streptomycetes with sporophores not verticillate, whorled, or spiralled, but straight, flexuous, or fascicled 


Section Rectus-Flexibilis 


EE. Streptomycetes with sporophores not verticillate or whorled, but F 


F. Streptomycetes with sporophores not verticillate or whorled, but as either short, gnarled, or compact spirals, or extended 


. Streptomycetes with sporophores not verticillate or whorled, but as hooks, open-loops, or greatly extended (primitive) 
GENUS STREPTOMYCES 
Guide to Sections, Series, and Component Species and Strains 
SECTION 
RECTUS-FLEXIBILIS sect. nov. 


Streptomycetes cum sporophora recta ad flexible. Typus Streptomyces griseus (Krainsky) Waksman et Henrici NRRL B-150, sub- 
numero Waksman No. 9 in Culture Collection Northern Utilization Research and Development Division depositus. 

Streptomycetes with straight, flexous, or fascicled sporophores. Typical strains: Streptomyces griseus (Krainsky) Waksman et 
Henrici, strain NRRL B-150 (flexous) [This strain is considered the type of the section] and Streptomyces venezuelae Ehrlich et al., 


strain NRRL B-902 (straight). 


Section epithet derived from the Latin “‘rectus’’ meaning ‘‘straight’’ and ‘‘flexibilis’’ meaning ‘‘flexuous.”’ 


SECTION 
RECTUS-FLEXIBILIS (RF) 


Epithet Strain Number Metabolic Product(s) or Activity Reference 
WHITE SERIES 
abikoensum (is) Z-1-6, Z-1-2, Z-1-3, Z-1-4,| Abikoviromycin Japan. Med. J., 4, 331, 1951; J. Anti- 


Z-1-8, Z-1-11, Z-1-14, Z-1-15, 
Z-3-6, Z-3-8, Z-5-11, and 
Z-6-4 


*albo-niger P638 (ATCC 12461) 


albovinaceus 


Puromycin 


biotics (Japan), 5, 469, 1952; 5, 477, 
1952. 


Antibiotics & Chemotherapy, 2, 409, 
1952; Mycologia, 46, 16, 1954; Can. 
Pat. 509,641, Feb. 1, 1955; U. S. Pat. 
2,763,642, Sept. 18, 1956; U. S. 
Pat. 2,797,187, June 25, 1957. 

Gauze, G. F., et al., 1957, Problems of 
Classification of Actinomycetes- 
Antagonists, National Press of Medi- 
cal Literature, Medzig, Moscow, 
U.S.S.R., pp. 113 and 118. 
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SECTION 
RECTUS-FLEXIBILIS (RF) (Continued) 
Epithet Strain Number Metabolic Product(s) or Activity Reference 
beddardii NCTC 4578 and NCTC 4579 | Human pathogen Med. Research Council (Brit.), Spec. 
Rep. Ser. No. 203: 1, 1935. 

blackwellii NCTC 630 Ibid. 
candidus 13 


candidus v. alboroseus 


coroniformis 
dicksonii 


elastica 
farinosus 
fordii 
globisporus 


globisporus albus 
globisporus diastaticus 


globisporus vulgaris 
griseoloalbus 
kimberi 

listeri 

orientalis 


reticuli 
rhodnii 


rubescens 


sampsonii 
thermophilus 


vendargus 
sp. 


*albus 


antibioticus 
badius 


*canescus 


cyaneofuscatus 


4017/54, 4116/54, and 4143/54 


16 
NCTC 2083 


35, 49, 79, 303, and 308 


NCTC 4580 and NCTC 4581 


S. albus G of Welsch 


1349/54, 1875/54, 3141/54, 
3308/54, and 5999/54 
NCTC 4576, NCTC 4577, 
NCTC 4583, and NCTC 
4584 
NCTC 434 
M43-05865, 
M5-18260 


M5-18215, and 


NCTC 4573 
Z-5-2 


8 
S-type 


| 
| 
| F-6 


Human pathogen 


Rubber deterioration 


Human pathogen 


Actinomycetin 


Human pathogen 


Human pathogen 
Vancomycin 


Abikoviromycin 


Plant pathogen 
Thermomycin 


Oxytetracycline + vengicide 
Unidentified antibiotic 


OLIVE-BUFF SERIES 


9 
1203/53, 4810/54, 7019/54, 
10671/54, 11082/54, and 
12098 

NRRL 2419 


| 92/54, 99/54, 624/53, 13366, 
and 14628/54 


Actinomycetin 


Streptothricin, group A 


Ascosin 


Krassilnikov, N. A., 1941, The Guide 
to the Ray Fungi, Actinomycetales., 
Acad. Sci., Inst. of Microbiol., Mos- 
cow-Leningrad, U.S.8.R., p. 49; Kras- 
silnikov, N. A., 1949, Guide to the 
Identification of Bacteria and Actino- 
mycetes., Acad. Sci., Inst. of Micro- 
biol., Moscow-Leningrad, U.S.S.R., p. 
100. 

Gauze et al. 1957, op. cit., pp. 102 and 
103. 

Ann. Appl. Biol., 13, 586, 1926. 

Med. Research Council (Brit.), Spec. 
Rep. Ser. No. 203: 1, 1935. 

Centr. Bakteriol., Parasitenk., II Abt., 
40, 87, 1914. 

Krassilnikov, 1941, op. cit., pp. 9 and 50; 
1949, op. cit., pp. 46 and 124. 

Med. Research Council (Brit.), Spec. 
Rep. Ser. No. 203: 1, 1935. 

Krassilnikov, 1941, op. cit., p. 48; 1949, 
op. cit., p. 98. 

Krassilnikov, 1949, op. cit., p. 100. 

Krassilnikov, 1941, op. cit., p. 49; 1949, 
op. cit., p. 99. 

Krassilnikov, 1941, op. cit., p. 49; 1949, 
op. cit., p. 99. 

Gauze et al., 1957, op. cit., pp. 112 and 
113. 

Med. Research Council (Brit.), Spec. 
Rep. Ser. No. 203: 1, 1935. 


Ibid. 

Antibiotics Ann., 1955/56, p. 606; Anti- 
biotics & Chemotherapy, 6, 642, 1956. 

Soil Sci., 1, 99, 1916. 

Med. Research Council (Brit.), Spec. 
Rep. Ser. No. 203: 1, 1935. 

Japan. Med. J., 4, 331, 1951; J. Anti- 
biotics (Japan), 5, 469, 1952. 

Ann. Appl. Biol., 13, 580, 1926. 

Antibiotics & Chemotherapy, 1, 176, 
1951. 

Australian Pat. 3985, Oct. 20, 1954. 

Antibiotics & Chemotherapy, 5, 742, 
1955. 


Compt. rend. soc. belge biol., 126, 244, 
1937; J. Bacteriol., 42, 801, 1941; 44, 
571, 1942; 53, 101, 1947. 

J. Antibiotics (Japan), 3, 582, 1949/50 . 

Gauze et al., 1957, op. cit., pp. 78 and 87. 


Antibiotics & Chemotherapy, 2, 472, 
1952; U. S. Pat. 2,723,216, Nov. 8, 
1955. 

Gauze et al., 1957, op. cit., pp. 78 and 85. 
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SECTION 


RECTUS-FLEXIBILIS (RF) (Continued) 


Epithet 


Strain Number 


Metabolic Product(s) or Activity 


Reference 


* flavus 


globisporus v. 
caucasicus 

globisporus v. 
flavofuscus 


gracilis 
griseus 


griseus 
griseus 


griseus 
griseus 


*griseus 


*griseus 


*griseus 
*griseus 


griseus 


griseus 
griseus 


“griseus f. farinosus 


loidensis 
marginatus 
*olivochromogenes or 
viridochromogenes 
praecox 
praefecundus 
tubiginosohelvolus 


setonii 
*sindenensis 


streplomycint 
tenuis 
*sp. 


albo-flavus 
globisporus flaveolus 


3491 
3794/54, 5553/54, and 13195/54 


1140/54, 1565/53, 1803/54, 
3875/54, 4824/54, 4833/54, 
5586/54, 7104a, 11264, 
11779/54, 13518, 13815, and 
15232/54 

3326 (original 1915 Waksman 
culture) : 

Bucherer, CBS (3522) 

3526a (original 1915 Waksman 
culture deposited in Cen- 
traalbureau voor Schim- 
melcultures, Baarn) 

3527 

3510 


G-25 (3478) (25-G) 

18-16 (3463), D-1 (3464), 3481, 
and 3496 

3570 

RM-241CR or SAW No. 4 


A4903. (PD 04749, NRRL 


2426) 

5223 

A-2, A-3, A-10, A-12, A-13, 
A-15, A-16, A-17, <A-18, 
A-21, A-26, A-28, A-29, 
A-30, A-31, A-34, A-35, 
A-37, B-10, B-24, B-27, 


C-6, C-10, C-16, and D-4 
NRRL B-1354 


10 
3 
ETH 7796 


20 

4 and 12 

10/53, 3767/54, 11351, 12712, 
14952/54, and 15494/54 

2 

1071 


5 and 6 
A-35 


Actinomycin (X) B 


Plant pathogen 


Grisein 

Antibiotie 3510 + unnamed 
antibiotic 

Grisein + streptocin + vita- 
min Bie 


Streptomycin 


Candicidins A, B, and C 

Cycloheximide 

Griseoviridin +  virido- 
grisein 

Sacromycin (amicetin) 

Various heptaene antibiotics 
(trichomycin-ascosin-can- 
dicidin type) with R,’s 
0.22—0.29 


Streptolins A and B, strep- 
tothricin + vitamin 

Plant pathogen 

Plant pathogen 

Cycloheximide + nonactin 


Plant pathogen 
Plant pathogen 


Plant pathogen 
Amicetin 


Plant pathogen 

Antimycins A;, As, As, and 
A, (antimycin complex, 
antipiricullin, virosin) 


YELLOW SERIES 


| 


Antibiotics & Chemotherapy, 4, 1050, 
1954; 5, 409, 1955; 5, 417, 1955. 
Gauze et al., 1957, op. cit., pp. 78 and 79. 


Gauze et al., 1957, op. cit., pp. 78 and 81. 


Ann. Appl. Biol., 13, 580, 1926. 
J. Bacteriol., 56, 259, 1948. 


J. Bacteriol., 56, 259, 1948. 
Ibid. 


Ibid. 

Proc. Nat. Acad. Sci. U. S., 34, 232, 
1948; J. Bacteriol., 56, 259, 1948. 

Proc. Soc. Exp. Biol. Med., 64, 50, 1947; 
J. Bacteriol., 59, 523, 1950; U. S. Pat. 
2,595,499, May 6, 1952. 

Proc. Soc. Exp. Biol. Med., 55, 66, 1944; 
64, 50, 1947; J. Bacteriol., 56, 259, 1948. 

Mycologia, 45, 155, 1953. 

J. Bacteriol;, 52, 610, 1946; 56, 283, 1948; 
J. Am. Chem. Soc., 69, 474, 1947. 

Antibiotics & Chemotherapy, 6, 100, 
1956. 

J. Antibiotics (Japan), 8A, 148, 1955. 

Antibiotics Ann., 1955/56, p. 249. 


Bacteriol. Proc. Soc. Am. Bacteriolo- 
gists, p. 18, 1954. 

Ann. Appl. Biol., 13, 580, 1926. 

Ibid. 

Helv. Chim. Acta, 38, 1445, 1955. 


Ann. Appl. Biol., 13, 580, 1926. 
Ibid. 
Gauze et al., 1957, op. cit., pp. 78 and 89 


Ann. Appl. Biol., 13, 580, 1926. 

J. Antibiotics (Japan), 7B, 168, 1954; 
Personal Communication, Nakazawa 
to Pridham, 1957. 

Gauze et al., 1957, op. cit., pp. 78 and 84. 

Ann. Appl. Biol., 13, 580, 1926. 

Phytopathology, 37, 14, 1947; 38, 16, 
1948; 38, 899, 1948; 48, 478, 1953; 44, 
438, 1954; Mycologia, 45, 325, 1953; J. 
Am. Chem. Soc., 71, 2436, 1949; U. 8. 


Pat. 2,657,170, Oct. 27, 1953. 


| Soil Sci., 1, 99, 1916. 
Krassilnikov, 1941, op. cit., p. 49; 1949, 
| op. cit., p. 99. 
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SECTION 


RECTUS-FLEXIBILIS (RF) (Continued) 
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Strain Number 


Metabolic Product(s) or Activity 


Reference 


Epithet 
griseoflavus 
longissimus 
parvus 
*flavus 
*parvus 
sp. 
sp. 

*caeruleus 
horton 

viridis 

viridis 

sp. 
*acidomyceticus 
albosporeus 
cinnamonensis 


cinnamonensis v. 
proteolyticus 
diastaticus 
diastaticus v. 
venezuelae 
erythrochromogenes 


filamentosus 
flavotricini 
floridae 


fradiae 
fradiae 
fradii 

fragilis 


fuscus 


garyphalus 


*griseus 


griseus v. purpureus 
vinaceus 
puniceus 
floridae 
*californicus 
lavendulae-like 
lavendulae 
lavendulae or reticulus- 
ruber 


160 


A-18 
3686 (NRRL B-1455) 


NRRL B-1455 


Ami 634, Halde 1160, Sétenich 
3, and SV 1948 


1, 2, 3, and 4 


NCTC 600 


XIII 


2222 


H-44 
A20 (IAUR) 


2195/54, 7082/54, 11579, 11932, 
and 14013 


Gottlieb’s 8-44 


W-115-C 


1-C-9 
A5014 
T59 

H-702 


C1437 (PD 04926) and C10076 


106-7, 190-8, 190-9, 
540-33, and 540-34 


190-33, 


3495 


Ciba 

1314-5 

PD A5014 
ATCC 3312 
A-82 

3483 

3445 


Griseoflavin 
Actinomycin A 
Actinomycin I 


Actinomycin I 
Actinomycin A 


Actinomycin X complex 


BLUE SERIES 


Human pathogen 


Plant pathogen 


RED SERIES 
Acidomycin (actithiazic acid) 


Vinacetin 
Streptothricin-like antibiotic 


Chloramphenicol 


Sarkomycins E;, E2, §:, 
and 8; 


Caryomycin 

Viomycin 

Framycetin 

Unidentified antibiotics 

Azaserine 

Rubber deterioration 

D -4-amino -3 -isoxazolidone 
(oxamycin, cycloserine, 
antibiotic PA 94) 


Rhodomycetin 
rhodomycin) 


(formerly 


Viomycin (vinactins A, B, 
and C) 


Antismegmatis antibiotic 
Streptothricin-resistant 
Streptin 


J. Antibiotics (Japan), 6A, 66, 1953. 

Krassilnikov, 1941, op. cit., p. 38; 1949, 
op. cit., p. 82. 

Arch. Biochem., 17, 191, 1948. 

Antibiotics & Chemotherapy, 4, 1050, 
1954; 5, 409, 1955; 5, 417, 1955. 

Authors’ data, 1956. 

Compt. rend. soc. belge biol., 140, 1157, 
1946. 

Arch. Mikrobiol., 18, 327, 1953; 25, 90 
1956. 


Ist. botan. univ. Lab. crittogam., Pavia, 
Atti, 3 Ser. 5, 180, 1944. 

Med. Research Council (Brit.), Spec. 
Rep. Ser. No. 203: 1, 1935. 

Riforma med., 19, 1065, 1903. 

Ann. Appl. Biol., 13, 580, 1926. 

Botan. Gaz., 67, 147, 1919. 


Personal Communication, Nakazawa to 
Pridham, 1957. 

J. Antibiotics (Japan), 6A, 73, 1953. 

Anais soc. biol. Pernambuco, 13, 3, 1955; 
14, 9, 1956. 

Gauze et al., 1957, op. cit., pp. 59 and 63. 


Giorn. microbiol., 1, 127, 1955. 
Ibid. 


J. Antibiotics (Japan), 6A, 153, 1953; 
9B, 104, 1956; 9B, 107, 1956; 9B, 110, 
1956. 

J. Antibiotics (Japan), 6A, 153, 1953. 

Gauze et al., 1957, op. cit., pp. 44 and 49. 

Am. Rev. Tuberc., 63, 4, 1951; 63, 7, 
1951; Bull. Torrey Botan. Club, 82, 
108, 1955. 

Ann. pharm. frang., 12, 440, 1954. 

J. Antibiotics (Japan), 4, 317, 1951. 

Soil Sci., 1, 99, 1916. 

Nature, 178, 71, 1954; Antibiotics & 
Chemotherapy, 6, 100, 1956. 

Centr. Bakteriol., Parasitenk., II Abt., 
40, 87, 1914. 

Antibiotics & Chemotherapy, 5, 183 
1955; J. Am. Chem. Soc., 77, 2344 
1955; 77, 2346, 1955. 

Antibiotics & Chemotherapy, 1, 68, 
1951. 

Bull. Torrey Botan. Club, 82, 108, 1955; 
Ger. Pat. 834,582, Mar. 20, 1952; Am. 
Rev. Tuberc., 63, 4, 1951; 63, 7, 1951. 


Proc. Soc. Exp. Biol. Med., 63, 227, 1946. 
J. Bacteriol., 62, 149, 1951. 
J. Bacteriol., 52, 502, 1946; 62, 149, 1951. 
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SECTION 
RECTUS-FLEXIBILIS (RF) (Continued) 
Epithet Strain Number Metabolic Product(s) or Activity Reference 
| 
lavendulae | 3440-8 and 3440-14 Original streptothricin Soil Sci., 54, 281, 1942; J. Bacteriol., 62, 
’ | 149, 1951; U. S. Pat. 2,443,485, June 
| 15, 1948; Can. Pat. 481,107, Feb. 12, 
| | 1952. 
: *lavendulae | 272 Pleocidin and pleocidin A Antibiotics & Chemotherapy, 2, 307, 
| 1952. 
*lavendulae | 7K1 (IAUR) Eurimicin Anais soc. biol. Pernambuco, 14, 68, 
1956. 
*nitrosporeus | 0-20 Nitrosporin (proactino- | J. Antibiotics (Japan), 5, 270, 1952; 5, 
| mycin?) 477, 1952; 9B, 160, 1956. 
oidiosporus | 90 and 281 Krassilnikov, 1941, op. cit., pp. 10 and 23; 
1949, op. cit., pp. 48 and 65. 
L, *omiyaensis | 102 Chloramphenicol Japan. Med. J., 1, 358, 1948; J. Anti- 
| biotics (Japan), 3, 292, 1949/50. 
7 *pheochromogenus | C-8y Chloramphenicol Personal Communication, Nakazawa to 
Pridham, 1957. 
racemochromogenus | 229 Antibiotics 229 and 229B J. Antibiotics (Japan), 9B, 170, 1956. 
rangoon | Med. Research Council (Brit.), Spec. 
| Rep. Ser. No. 203: 1, 1935. 
rectus | Krassilnikov, 1949, op. cit., p. 65. 
*rochei | NRRL B-1559 Borrelidin Arch. Biochem., 22, 476, 1949. 
” roseochromogenus 0-36 Roseomycin (streptothricin | J. Antibiotics (Japan), 8, 845, 1949/50; 
; | I, streptothricin type 1) 4, 24, 1951. 
: roseochromogenus or | T 4473 Unidentified antibiotic Ann. pharm. frang., 12, 440, 1954. 
virginiae | 
roseofulvus | Gauze et al., 1957, op. cit., pp. 53 and 55. 
3. roseolus | Gauze et al., 1957, op. cit., pp. 32 and 37. 
roseoviridis | Gauze et al., 1957, op. cit., pp. 53 and 57. 
ruber | 13A Streptothricin, group A J. Antibiotics (Japan), 3, 582, 1949/50. 
j syringini | Gauze et al., 1957, op. cit., p. 32. 
; umbrinus | 1703/53, 1706/53, 8697/54, and Gauze et al., 1957, op. cit., pp. 59 and 62. 
35 9287/54 
0, i *venezuelae A65 (PD 04745) and 8-44 Chloramphenicol J. Bacteriol., 56, 467, 1948; U. S. Pat. 
| | 2,483,871, Oct. 4, 1949. 
i venezuelae | 3534 and 3534a Chloramphenicol J. Bacteriol., 62, 149, 1951. 
9. *rinaceus NRRL 2285 Viomycin (vinactins A, B, | Proc. Intern. Congr. Pure and Appl. 
7, | and C) Chem., 12th Congr., pp. 283 and 284, 
2, | 1951; U. S. Pat. 2,633,445, Mar. 31, 
| 1953; Brit. Pat. 651,269, Mar. 19, 1951; 
Can. Pat. 508,115, Dec. 14, 1954; Bull. 
Torrey Botan. Club, 82, 108, 1955. 
*sp. | ABS Phagolessin A58 Antibiotics & Chemotherapy, 2, 366, 
« | 1952. 
j sp. | 8, 9, 12, and 13 Thioaurin Abst. 122nd Meet., Am. Chem. Soc., p. 
t., | 12A, 1952; Antibiotics & Chemother- 
i apy, 3, 382, 1953; U.S. Pat. 2,749,273, 
183 June 5, 1956. 
344 ; sp. | K-125a Unidentified antibiotic J. Antibiotics (Japan), 7A, 61, 1951; 7B, 
! | 4, 1951. 
68, i ip | XVI Botan. Gaz., 67, 147, 1919. 
‘ *sp | 700 Streptothricin J. Antibiotics (Japan), 2, 273, 1948/49; 
55; | Personal Communication, Nakazawa 
| | | to Pridham, 1957. 
GRAY SERIES 
alba | x | | Botan. Gaz., 67, 147, 1919. 
46. alboflavus or griseofiavus 3560 | Oxytetracycline + rimocidin | Bacterwl. Proc. Soc. Am. Bacteriolo- 
| gists, p. 30, 1951; Proc. Nat. Acad. Sci. 
N51. 38, 583, 1952. 


albus T-12 | Albomycetin | J. Antibiotics (Japan), TA, 149, 1954. 
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SECTION 


RECTUS-FLEXIBILIS (RF) (Continued) 
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Epithet 


Strain Number 


Metabolic Product(s) or Activity 


Reference 


antibioticus 
antibioticus 


*antibioticus (flavus) 
antibioticus 


*antibioticus 
antibioticus 


*bikiniensis 
caiusiae 


carnosus 


*californicus 
chrysomallus 


cinnabarinus 
clavifer 
craterifer 
cylindrosporus 
eurythermus 
fasciculus 


fasciculus 


*felleus 


flaveolus v. rectus 
fulvissimus 
fumosus 


globisporus circulatus 
globisporus griseus 


globisporus scabies 

globisporus strepto- 
mycini (Waksman’s 
S. griseus) 

globosus 


tgriseolus 
griseolus 

griseolus 
griseorubiginosus 
kitazawaensis 


lipmanii 


3439, 3682, and 3684 


A-1383 
3436 


15784-1 (ATCC 11891) 
89-C-2 


3515 


1 
Di-10 (IAUR) 
la 


18 and 19 
22 
62 and 142 


ETH 6677, ETH 6905, and 
ETH 7489 

88 and 120 

H-3882 

Stamm 326, Giitt 467, and 
Bol05 


3358, 3959, 4624/54, 10294, and 
11187 

and V.XXIT 


E-424 


21-A-2 and 48-B-3 


Actinomycin A and B 
Actinomycin A 


Actinomycin A 
Actinomycin I 


Oleandomycin 
Actinone (saccharomycetin?) 


Streptomycin II 
Unidentified antibiotic 


Plant pathogen 

Unidentified antibiotic 

Actinochrysin (actinomycins 
Cs, and C4) 


Plant pathogen 
Plant pathogen 


Angolamycin 


Anti-Trichomonas antibiotic 


Picromycin 


Streptomycin 


Phagomycin 
Fermicidin 


Antimycin A + carzinocidin 


J. Bacteriol., 42, 231, 1941; U. S. Pat. 
| 2,378,876, June 19, 1945. 
| Antibiotics & Chemotherapy, 4, 1050, 
1954; 5, 409, 1955; 5, 417, 1955. 
J. Antibiotics (Japan), 3, 363, 1949/50. 
| Antibiotics & Chemotherapy, 4, 1050, 
1954; 5, 409, 1955; 6, 417, 1955. 
| U.S. Pat. 2,757,123, July 31, 1956. 
| J. Antibiotics (Japan), 3, 271, 1949/50; 
| 8, 726, 1949/50. 
J. Bacteriol., 55, 317, 1948. 
J. Sci. Industr. Res. (India), 16C, 76, 
| 1957. 
| Ann. Appl. Biol., 18, 580, 1926. 
Anais soc. biol. Pernambuco, 14, 1, 1956. 
Arch. Mikrobiol., 17, 361, 1952; 18, 327, 
| 1953; Naturwiss., 35, 376, 1949; 37, 494, 
| 1950; 39, 429, 1952; Chem. Ber., 84, 260, 
| 1951; 87, 1036, 1954; Z. physiol. Chem., 
| Hoppe-Seyler’s 292, 77, 1953. 
| Gauze et al., 1957, op. cit., pp. 186 and 
| 196. 
Ann. Appl. Biol., 13, 580, 1926. 
Ibid. 
Krassilnikov, 1941, op. cit., pp. 10 and 
56; 1949, op. cit., pp. 49 and 108. 
Helv. Chim. Acta, 38, 1202, 1955. 


Krassilnikov, 1941, op. cit., p. 50; 1949, 
op. cit., p. 101. 

J. Gen. Appl. Microbiol. (Japan), 1, 201, 
1955. 

Arch. Mikrobiol., 17, 361, 1952; Chem. 
Ber., 84, 284, 1951; U. S. Pat. 2,693,433, 
Nov. 2, 1954; Brit. Pat. 682,045, Nov. 
5, 1952. 

Gauze et al., 1957, op. cit., pp. 151 and 
153. 

Soil Sci., 30, 59, 1930. 


Krassilnikov, 1941, op. cit., p. 58; 1949, 
op. cit., p. 109. 

Krassilnikov, 1949, op. cit., p. 99. 

Krassilnikov, 1941, op. cit., p. 49; 1949, 
op. cit., p. 99. 

Krassilnikov, 1949, op. cit., p. 100. 

Ibid. 


Krassilnikov, 1941, op. cit., p. 58; 1949, 
op. cit., p. 109. 

Soil Sci., 8, 71, 1919. 

J. Antibiotics (Japan), 9A, 108, 1956. 

J. Antibiotics (Japan), 7B, 221, 1954. 

Gauze et al., 1957, op. cit., pp. 186 and 
193. 

J. Antibiotics (Japan), 9A, 63, 1956; 9A, 
113, 1956. 

Soil Sci., 1, 99, 1916. 


+ Designated by strain number only in original publication and subsequently assigned specific epithet in various editions of 
Bergey’s Manual of Determinative Bacteriology, The Williams & Wilkins Co., Baltimore, Maryland. 
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SECTION 


RECTUS-FLEXIBILIS (RF) (Continued) 


Epithet 


Strain Number 


Metabolic Product(s) or Activity 


Reference 


noboritoensis 
folivaceus 
*olivaceus 
olivaceus 
olivaceus 
phaeochromogenus 
*pheochromogenus 
pheochromogenus v. 
chloromyceticus 
prunicolor 
*purpeofuscus 
purpurogenus 
*tanashiensis (aureus) 
thermophilus 


thermophilus 


violaceus-niger 
violaceorectus 


viridogenes 
wedmorensis 
zaomyceticus 
Sp. 


Sp. 


Sp. 
sp. 


Sp. 

*sp. 

sp. (purpeochromo- 
genus?) 


sp. 


Sp. 
Sp. 


Sp. 


casei 
fasiculatus 


globisporus lactis 


rubescens 


206 

NRRL B-1125 

15920-19 (ATCC 12019) 

ETH 7437 

788-A2 

C-2009 and C-38 

0-163 

3871/54, 4168/54, and 7644/54 


H-5080 


63-3 and 144 


1:2; 3, 5, 7, 12; 14 16, 18,19, 
and 20 


Millard and Burr 9 


15 
N-187 
36-G 


3687 


2A-720 and 6A-369 

M-2140 

Ate 

NA364-A24, NA4-M40, and 
NA4-X8 

A-83 

EI; 


145 
Bostroem 


F-300 


Homomycin (hygromycin) + 
blastomycin 


Vitamin B,. + olivacein 
Antibiotics PA 114A and 
PA 114B 


Granaticin 

Ractinomycins A and B + 
unnamed antifungal anti- 
biotic 

Chloramphenicol 


Chloramphenicol 


Anti-Trichomonas antibiotic 


Luteomycin 


Thermophile 
Thermophile 


Zaomycin 
Actinomycin 


Actinomycin B complex 


Antimyecin A + antibiotic 
720B 

Methymycin + neomethy- 
mycin 

Rubidin 

Aureolic acid 


Unidentified antifungal anti- 


biotic 
Antibiotic EI; 


Phagostatin 


SERIES UNKNOWN 


Thermophile 
Amicetin 


J. Antibiotics (Japan), 8A, 170, 1955; 9A, 
225, 1956; 10A, 21, 1957. 

Soil. Sci., 8, 71, 1919. 

Appl. Microbiol., 1, 124, 1953. 

Antibiotics Ann., 1955/56, p. 437; U. S. 
Pat. 2,787,580, Apr. 2, 1957. 

Helv. Chim. Acta, 40, 1262, 1957. 

J. Antibiotics (Japan), 8A, 132, 1955; 
10A, 115, 1957. 


Personal Communication, Nakazawa to 
Pridham, 1957. 
J. Antibiotics (Japan), 2, 593, 1948/49. 


Gauze et al., 1957, op. cit., pp. 179 and 
184. 

J. Gen. Appl. Microbiol. (Japan), 1, 201, 
1955. 

Soil Sci., 1, 99, 1916. 

J. Antibiotics (Japan), 3, 313, 1949/50; 
5, 529, 1952; Kitasato Arch. Exp. Med., 
22, 229, 1949. 

Z. Hyg. Infektionskrankh., 47, 383, 1904. 

Soil Sci., 47, 37, 1939. 


Soil Sci., 1, 99, 1916. 

Gauze et al., 1957, op. cit., pp. 179 and 
182. 

Actinomycetes and their antibiotics, 
Williams and Wilkins, Baltimore, 1953, 
p. 109. 

Ann. Appl. Biol., 13, 580, 1926. 

J. Antibiotics (Japan), 7A, 134, 1954. 

Proc. Nat. Acad. Sci. U. S., 32, 117, 
1946. 

Science, 120, 389, 1954; Antibiotics & 
Chemotherapy, 4, 1050, 1954; 5, 409, 
1955; 5, 417, 1955. 

J. Antibiotics (Japan), 9A, 1, 1956. 


Antibiotics Ann., 1953/54, p. 179; J. Am. 
Chem. Soc., 79, 2022, 1957. 

Antibiotics Ann., 1955/56, p. 640. 

Antibiotics & Chemotherapy, 3, 1215, 
1953. 

J. Antibiotics (Japan), 4, 357, 1951. 


Proc. Soc. Exp. Biol. Med.,. 72, 283, 
1947. 

Soil Sci., 8, 71, 1919. 

Beitr. pathol. Anat. u. allgem. Pathol., 
9, 1, 1890/91. 

J. Antibioties (Japan), 10A, 74, 1957. 


J. Bacteriol., 27, 625, 1934. 

Antibiotics & Chemotherapy, 3, 718, 
1953. 

Krassilnikov, 1941, op. cit., p. 49; 1949, 
op. cit., p. 99. 

Boll. sez. ital. soc. intern. microbiol., 
3, 43, 1931. 
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T. G. PRIDHAM, C. W. HESSELTINE, AND R. G. BENEDICT 


SECTION 


RETINACULUM-APERTUM sect. nov. 
Streptomycetes cum sporophora in formae unci, spirae pristinae, et retinaculi aperti. Typus Streptomyces fradiae (Waksman et Curtis) 
Waksman et Henrici NRRL B-1195, sub numero Waksman 3585 in Culture Collection Northern Utilization Research and Development 


[VOL. 6 


Streptomycetes with sporophores in the form of hooks, open-loops, or greatly extended (primitive) spirals. Open loops generally 
of large diameter with one, two, or three coils. Type: Streptomyces fradiae (Waksman et Curtis) Waksman et Henrici, strain NRRL 


B-1195 (Waksman 3535).t 


Section epithet derived from the Latin “retinaculum” meaning “loop” and ‘‘apertus’’ meaning ‘‘open.”’ 


t The facts that this strain falls in Section Retinaculum-A pertum and has been designated as the type of the Section and that 
the original description for Streptomyces fradiae places the species in Section Rectus-Flexibilis indicates to us that either the original 
description (Waksman and Curtis, 1916) and Waksman’s subsequent treatments in 1919 and 1953 should be emended to more closely 
conform with the characteristics of this strain or, that the strain Waksman now designates as the type of S. fradiae is, in fact, 
a strain of another species. We believe that the description of this species should be emended since Waksman’s strain is available 
and is a well known culture. 


SECTION 
RETINACULUM-APERTUM (RA) 
Epithet | Strain Number | Metabolic Product(s) or Activity | Reference 
WHITE SERIES 
cacaoi | III (203H) | Ann. Appl. Biol., 19, 515, 1932. 
OLIVE-BUFF SERIES 
cellulofiavus | 39a Aureothricin | J. Antibiotics (Japan), 6A, 57, 1953. 
YELLOW SERIES 
BLUE SERIES 
caelestis | | Celesticetin | Antibiotics Ann., 1954/55, p. 831. 
RED SERIES 
*acidomyceticus | A Acidomycin (actithiazie acid, | J. Antibiotics (Japan), 6A, 158, 1953; 
l thiazolidone antibiotic, 9B, 101, 1956; Ann. Rept. Takeda 
mycobacidin, cinnamonin) Pharm. Ind., Ltd., 18, 78, 1954. 
+ aliomycin 
*cinnamonensis 154-T-3 Cinnamonin (actithiazic acid, | J. Antibiotics (Japan), 5, 572, 1952; 9B 
acidomycin, thiazolidone 62, 1956. 
antibiotic, mycobacidin) 
*erythreus NRRL 2338 Erythromycins A and B Antibiotics & Chemotherapy, 2, 281, 
1952; U. S. Pat. 2,653,899, Sept. 29 
1953; J. Am. Chem. Soc., 76, 569, 1954. 
*fradiae 3535 Neomycins A, B,. and C | Science, 109, 305, 1949; Arch. Biochem., 
(fradiomycin, streptothri- 24, 92, 1949; Proc. Soc. Exp. Biol. Med., 
cins BI and BIT) + fradicin 73, 376, 1950; J. Am. Chem. Soc., 74, 
and steroid conversion 2381, 1952; J. Biol. Chem., 203, 807, 
1953; U.S. Pat. 2,799,620, July 16, 1957. 
fradiae v. spiralis Gauze et al., 1957, op. cit., pp. 51 and 53. 
*griseoluteus p-37 (P-37) Griseoluteins A and B J. Antibioties (Japan), 4, 34, 1951; 5, 477, 
1952; 6A, 139, 1953; TA, 15, 1954. 
*griseoruber H-4650 Anti-Trichomonas antibiotic | J. Gen. Appl. Microbiol. (Japan), 1, 201, 
1955; J. Antibiotics (Japan), 9B, 62, 
1956; 9B, 120, 1956. 
*lavendulae 8197-20 (ATCC 11924) Antibiotic PA 94(D-4-amino- | Brit. Pat. 715,362, Sept. 15, 1954; Anti- 
3-isoxazolidone, cycloser- biotics & Chemotherapy, 5, 398, 1955; 
ine, oxamycin) U.S. Pat. 2,773,878, Dec. 11, 1956. 
*lavendulae C221 (3555 and 3555a) Ehrlichin? J. Bacteriol., 62, 149, 1951; J. Immunol., 
67, 471, 1951; Bacteriol. Proc. Soc. Am. 
Bacteriologists, p. 29, 1951. 
lavendulae Framycetin (antibiotic EF | Ann. pharm. frang., 11, 44, 1953; 11, 440, 
185) 1953. 
*lavendulae 3516 Streptothricin VI (SVI) Arch. Biochem., 22, 16, 1949; J. Bac- 


longisporus ruber 


*roseoflavus 


10, 38, 184, 384, 424, and 430 


320 


Flavomycin + mycelin 


teriol., 62, 149, 1951. 
Krassilnikov, 1941, op. cit., pp. 22 and 
27; 1949, op. cit., pp. 47 and 62. 
| J. Antibiotics (Japan), 4, 215, 1951; 5, 
217, 1952. 


= 
| 
| 
4 
3 


1958] 


CLASSIFICATION OF STREPTOMYCETES 65 


RETINACULUM-APERTUM (RA) (Continued) 


SECTION 


Epithet 


Strain Number 


Metabolic Product(s) or Activity 


Reference 


*rubrocyano-diastati- 
cus v. piger 
*vinaceus 


*virginiae 


*sp. 
*sp. 


acrimycini 


ambofaciens 


*aureofaciens 
*aureofaciens 
*aureofaciens 
aureus 


cacaot 
canus 


diastatochromogenes 
tflaveolus 
flavochromogenes 
flavus-parvus group sp. 
gelaticus (hepaticus) 
griseorubens 
griseostramineus 
litmocidini 


*noursei 


olivaceoviridis 
*phaeofaciens 

plicatus 
pyridomyceticus (albido- 


fuscus) 


violaceus v. rubescens 


*viridifaciens 


170 and 307 
8542-1 
NA255-B8, NA255-M15P, 


NA225-M15W, NA255-M19, 
and NA255-M25 


A-105 
11 


698/53, 3964/54, 6683, 6712, 
7699, 7764, 7977, and 10342 
1142 and 3486 


A-377 

NRRL B-1286, NRRL B-1287, 
and NRRL B-1288 

HA-20 (ATCC 12416-a) 

3569 


H-2075 


168 
T349-15 
3687 


C2828 (PD 04942) 


48240 (ATCC 11455) 


T-23 
PD 04918 
451-A8 


962/54, 2498/54, 5839/54, 
7085/55, 11508/54, 12194, 
and 13647 

BL 567201 (ATCC 11989) 


APF (vitamin Bi) 


Actithiazic acid (myco- 
bacidin, thiazolidone anti- 
biotic, acidomycin, cin- 
namonin) 

Actinorubin 

Streptolin + streptothricin 


GRAY SERIES 


Spiramycin + congocidin 
(netropsin) 


Chlortetracycline 

Chlortetracycline + tetra- 
cycline 

Tetracycline + chlortetra- 
cycline 

Fungicidin-like antibiotic 


Unidentified antibiotic 
Amphomycin 


Oligomycins A, B, and C 


Amaromycin 
Actinomycin (X) B 


Elaiomycin 


Fungicidin (nystatin) + cy- 
cloheximide-like antibiotic 


Phaeofacin 
Antibioties C and D 
Pyridomycin 


Tetracycline 


SERIES UNKNOWN 


Giorn. microbiol., 1, 127, 1955. 


Papers Mich. Acad. Sci., 37, 47, 1952; 
U.S. Pat. 2,681,881, June 22, 1954. 

Antibiotics & Chemotherapy, 2, 399, 
1952; U.S. Pat. 2,678,929, May 18, 1954. 


J. Bacteriol., 53, 695, 1947. 
J. Am. Chem. Soc., 69, 3006, 1947; 69, 
3145, 1947. 


Gauze et al., 1957, op. cit., p. 140. 


Compt. rend., 234, 1498, 1952; Ann. inst. 
Pasteur, 87, 702, 1954; Antibiotics 
Ann., 1954/55, p. 724; 1955/56, p. 223; 
Abstr. 131st. Meeting Am. Chem. Soc., 
p. 22N, 1957. 

Ann. N. Y. Acad. Sci., 51, 177, 1948; 
U.S. Pat. 2,482,055, Sept. 13, 1949. 

Authors’ data, 1956. 


U.S. Pat. 2,734,018, Feb. 7, 1956. 


Antibiotics & Chemotherapy, 2, 179, 
1952. 

J. Antibiotics (Japan), 7A, 10, 1954. 

Antibiotics & Chemotherapy, 3, 1239, 
1953. 

Antibiotics & Chemotherapy, 4, 962, 
1954; Bacteriol. Proc. Soc. Am. Bac- 
teriologists, p. 28, 1957. 

Soil Sci., 8, 71, 1919. 

J. Antibiotics (Japan), 8A, 9, 1955; 9B, 
160, 1956. 

Antibiotics & Chemotherapy, 4; 1050, 
1954; 5, 409, 1955; 5, 417, 1955. 

Antibiotics & Chemotherapy, 4, 141, 
1954; 4, 338, 1954; 6, 100, 1956. 

Gauze et al., 1957, op. cit., pp. 140 and 
144. 

Gauze et al., 1957, op. cit., pp. 151 and 
155. 

Gauze et al., 1957, op. cit., pp. 186 and 
187. 

Proc. Soc. Exp. Biol. Med. 76, 93, 1951; 
Brit. Pat. 714,189, Aug. 25, 1954; U.S. 
Pat. 2,797,183, June 25, 1957. 

Gauze et al., 1957, op. cit., pp. 163 and 
164. 

J. Antibiotics (Japan), 5, 465, 1952. 

Brit. Pat. 707,332, April 14, 1954. 

J. Antibiotics (Japan), 6A, 140, 1953; 
7A, 55, 1954; 8A, 201, 1955; 10A, 94, 
1957. 

Gauze et al., 1957, op. cit., pp. 179 and 
181. 


U.S. Pat. 2,712,517, July 5, 1955. 
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T. G. PRIDHAM, C. W. HESSELTINE, AND R. G. BENEDICT 


SECTION 
SPIRA sect. nov. 


[voL. 6 


Streptomycetes cum sporophora spira. Typus Streptomyces viridochromogenes (Krainsky) Waksman et Henrici NRRL B-1511, sub- 
numero CBS (Millard) in Culture Collection Northern Utilization Research and Development Division depositus. 

Streptomycetes with spiral sporophores either as short, gnarled, or compact spirals or extended long and open spirals. Typical 
strains: Streptomyces viridochromogenes (Krainsky) Waksman et Henrici, strain NRRL B-1511 (extended long and open spirals) 


[This strain is considered the type of the section] and Streptomyces hygroscopicus (Jensen) Waksman et Henrici, strain NRRL B-1346 
(short, gnarled, or compact spirals). 


Section epithet derived from the Latin “‘spira’’ meaning ‘‘a coil or twist.’ 


SECTION 
SPIRA (S) 


Epithet 


Strain Number 


Metabolic Product(s) or Activity 


| Reference 


albidus v. invertens 
alborubidus 

*albus 

albus 

albus vulgaris 
albus chlamydosporus 
armillatus 

cacaoi 

terythreus 

galtieri 

longisporus 


*rimosus 


rimosus 
violaceus-caeseri 


abikoensum spiralis 
cremeus 

flavidovirens 
flavidovirens v. fuscus 


*fungicidicus Group A 
niveus 


spheroides 


longisporus flavus 


virgatus 


bicolor 


*chartreusis 


5242/54, 
11792/54 


8260/54, and 


ATCC 618 
91 and 284 


II (203F) 
161 


50, 82, 145, 164, 309, and 317 


$3279 


4622-21 


5645, 5796, 5995, 6355, and 
B-516 

815, 34, 3629/54, 12896/a, and 
14275/54 

827/54, 1145/53, 12287, and 
12690 

678/54, 5933/54, 10557, and 
13786/54 

358-A6 


NRRL 2287 


WHITE SERIES 


Streptothricin, group A 


Oxytetracycline 
Plant pathogen 


Oxytetracycline + rimocidin 
(antibiotic PA 85) 


Antibiotic PA 86 


OLIVE-BUFF SERIES 


Fungicidin 
Novobiocin (cathomycin, 
streptonivicin, cardel- 


mycin, crystallinic acid, 
antibiotic PA 93) 
Novobiocin (cathomycin, 
streptonivicin, cardel- 
mycin, crystallinic acid, 
antibiotic PA 93) 


YELLOW SERIES 


BLUE SERIES 


Chartreusin 


Gauze et al., 1957, op. cit., pp. 113 and 
115. 

Gauze et al., 1957, op. cit., pp. 102 and 
109. 

Authors’ data, 1956. 

J. Antibiotics (Japan), 8, 582, 1949/50. 

Krassilnikov, 1949, op. cit., p. 85. 

Krassilnikov, 1949, op. cit., p. 87. 

Ann. inst. Pasteur, 87, 580, 1954. 

Ann. Appl. Biol., 19, 515, 1932. 

Soil Sci., 8, 71, 1919. 

Ann. parasitol. humaine et comparée., 
26, 118, 1951. 

Krassilnikov, 1941, op. cit., p. 47; 1949 
op. cit., p. 97. 

Science, 111, 85, 1950; Antibiotics & 
Chemotherapy, 1, 289, 1951; U.S. Pat. 
2,516,080, July 18, 1950; Brit. Pat. 718,- 
021, Nov. 10, 1954. 

Brit. Pat. 719,878, Dec. 8, 1954. 

Soil Sci., 1, 99, 1916. 


Gauze et al., 1957, op. cit., pp. 92 and 96. 

Gauze et al., 1957, op. cit., pp. 92 and 93. 

Gauze et al., 1957, op. cit., pp. 90 and 92. 

Gauze et al., 1957, op. cit., pp. 91 and 92. 

J. Antibiotics (Japan), 7A, 98, 1954. 

Antibiotics Ann., 1955/56, p. 634; Anti- 
biotics & Chemotherapy, 5, 670, 1955; 
6, 135, 1956. 


Antibiotics Ann., 1955/56, p. 909; Anti- 
biotics & Chemotherapy, 5, 670, 1955. 


Krassilnikov, 1941, op. cit., p. 30; 1949, 
op. cit., p. 72. 

Krassilnikov, 1941, op. cit., p. 31; 1949, 
op. cit., p. 74. 


Gauze et al., 1957, op. cit., pp. 123 and 
127. 

Antibiotics & Chemotherapy, 6, 294, 
1956. 


66 
| | 
| 
= 
| 
— 
| | 


1958} 


CLASSIFICATION OF STREPTOMYCETES 


SECTION 


SPIRA (S)—Continued 


67 


Epithet 


Strain Number Metabolic Product(s) or Activity Reference 
BLUE SERIES—Continued 
coeruleofuscus 848/53, 4205/54, 8837/54, Gauze et al., 1957, op. cit., pp. 123 and 
6520/54, 11445/54 128. 
coeruleorubidus 9023/54, 9234, 10652, 12531/54, Gauze et al., 1957, op. cit., pp. 123 and 
13838 /54, 14207, and 125. 
14741/54 
coerulescens 4562, 5992/54, 7018, 7648, | coerulomycin 


coerulescens v. 
longisporus 
glaucescens 


glaucescens v. badius 


ipomoea 
viridans 


*yiridochromogenes 
viridochromogenes 
virido-diastaticus 
viriodosporus 


*albus 

arenae 
aurantiogriseus 
aurini 
chromogenus 


*coelicolor 


daghestanicus 


diastaticus 
*diastaticus v. 

ardesiacus 
fradiae 


fumanus 

*fungicidicus 
Group G 

gobitricini 


griseoviridus 


lateritius 
lavendulae 
lavendulae 
lavendulae 
lavendulae 
*lavendulae 
lavendulae 
lavendulae 


lavendulae 
*phaeochromogenus 
purpurascens 


7763, 8806/54, and 9496/54 


1701/54, 2659, 3737, 4703, 
7248/54, 8731, 12615/54, 
13380, and 14335 


35, 105, or 160 
111, 225, and 272 


CBS Millard (NRRL B-1511) 
6A36 
329, 340, 361, 364, and 444 


PD 04889 

NRRL 2490 

A-134 

1109/55, 2656/55, 2794/55, 
6613/54, 12676/54, 13728/54, 
13897/54, and 14281/54 


40, 74, 242, 276, 452, and 519 
755 


117, 250, 251, 260, and B-2 


560-A2 and U-10A 


5618, 5647, 6143, 6178, 6583, 
6595, 6956, 7902, and 9958 
A 9071 (PD 04955) 


3330, 3530, 3531, and 3532 


2A-458 

A-10 

266 

68, 42-B, 201, A-6, B-3, B-10, 
B-18, E-2, and K-4 

S-20 

108-Al 

Stimm 346, Maria 515, Liid 
207, Piirk 271, Ist 299, Tiib 
608, and others 


Plant pathogen 


Chartreusin-like antibiotic 


Sistomycosin 


RED SERIES 
| Antibiotic 1-81d-1s 
| Unidentified antibiotic 


Antibiotic [A887 (netropsin- 
like) 
Coelicolorin (coelicolofuin?) 


Streptothricin B or BIT (neo- 
mycin B) + streptothricin 
| BI (neomyein C) 


Fungicidin 


Griseoviridin + viridogrisein 
(etamycin) 


Etamycin (viridogrisein) 
Grasseriomycin 

Lavendulin 
Streptomycin-like antibiotic 
Streptothricin, group A 


Unidentified antibiotic 
Moldin 
| Rhodomycins A and B 


Gauze et al., 1957, op. cit., pp. 113 and 120; 
Gauze to Authors, 1957 (per. comm.) 

Gauze ef al., 1957, op. cit., pp. 113 and 
121. 

Gauze et al., 1957, op. cit., pp. 122 and 
123. 


Gauze et al., 1957, op. cit., pp. 123 and 
124. 

Phytopathology, 30, 913, 1940. 

Krassilnikov, 1941, op. cit., pp. 33 and 61; 
1949, op. cit., p. 76. 

Authors’ data, 1955. 

J. Antibiotics (Japan), 8A, 96, 1955. 

Giorn. microbiol., 1, 127, 1955. 

Brit. Pat. 712,547, July 28, 1954. 


U.S. Pat. 2,805,185, Sept. 3, 1957. 

Brit. Pat. 719,230, Dec. 1, 1954. 

Gauze et al., 1957, op. cit., pp. 68 and 74. 
Gauze et al., 1957, op. cit., pp. 53 and 54. 
J. Antibiotics (Japan), 8A, 19, 1955. 


J. Antibiotics (Japan), 2, 274, 1948/49; 2, 
336, 1948/49. 
Gauze et al., 1957, op. cit., p. 59. 


Giorn. microbiol., 1, 127, 1955. 
Ibid. 


J. Antibiotics (Japan), 3, 232, 1949/50; 
3, 582, 1949/50; 4, 607, 1951; 5, 343, 
1952. 

Gauze et al., 1957, op. cit., pp.59 and 61. 


| J. Antibiotics (Japan), 7A, 98, 1954. 


| Gauze et al., 1957, op. cit., pp. 32 and 34. 


Antibiotics Ann., 1954/55, p. 790; Anti- 
biotics & Chemotherapy, 6, 100, 1956. 
Gauze et al., 1957, op. cit., pp. 68 and 70. 


| Soil Sei., 1, 99, 1916. 
| J. Bacteriol., 62, 149, 1951. 


Antibiotics Ann., 1954/55, p. 728. 

. Antibiotics (Japan), 8A, 91, 1955. 
J. Bacteriol., 53, 695, 1947. 

J. Antibiotics (Japan), 2, 341, 1948/49. 
J. Antibiotics (Japan), 3, 582, 1949/50. 


J. Antibiotics (Japan), 2, 34, 1948/49. 

J. Antibiotics (Japan), 5, 465, 1952. 

Arch. Mikrobiol., 17, 361, 1952; 25, 325, 
1957; Brit. Pat. 708,749, May 12, 1954. 
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SECTION 


SPIRA (S)—Continued 


[VoL. 6 


Epithet 


Strain Number 


Metabolic Product(s) or Activity | 


Reference 


ramnaii 


reticulus-ruber 
roseocitreus 


roseolilacinus 


roseoviolaceus 


*roseus 
rubrocyano-diastaticus 
v. atrodiastaticus 
sahachiroi 
thermofuscus 


toxytricini 
venezuelae v. spiralis 


vinaceus-drappus 
violascens 


sp. 


*sp. 
sp. 


abikoensis 


acidophilus 
acrimycini v. globosus 


*albogriseolus 


antibioticus 


*arabicus 
aromaticus 


atroolivaceus 
aureus 
aureus 

bovis v. nigerianus 


cacaoi 
cacaoi 


cacaoi 
californicus 
chromofuscus 


collinus 


cyaneus 


17 


RED SERIES—Continued 


| 1032/54, 13613, 14014, 14212, | 


| 
| 212 
| 


and 14402 
| §29/54, 1020/54, 


and 10194/54 
R-30 
377 


K-534 


14213, 14250, 14260, 14369, 


1461/54, 
3447/54, 8332/54, 8334/54, 


Ramnacin 


Streptomycin-like antibiotic 


Roseocitrins A and B 


Sulfactin 


| 


| 4, 6, 8, 9, 10, 11, 13, 16, 17, | 


and 21 


| 1971, 11686/54, 12852, 13216/54, 


| and 13784/54 
| D-12 and D-13 


3959/54 
991-A2 


| A-330 
Ital 1130 and Ital 1131 


927-81 


1, 2, 3, and 4 


872/54, 3862/54, 3956/54, and 


| 
| 


| 
| 
| 


| Actinomycin X complex 


Carzinophilin 
Thermophile 


Antibiotic D-13 


| Actinomycin + _ eurocidin- 


like antibiotic 
Actinomycin A 


GRAY SERIES 


| Actinoleukin + trichomycin- 


| 


NRRL B-1305 
| 
3681 | 
6762 | 
| 102, 112, 118, and 238 | 
| 1580/53, 2608/54, and 4776/54 
| 
364 

NCTC 4572 

1(203C) 

K-67 and C-62 

81 

Ist 301 | 


ascosin-candicidin type an- | 


tibiotic 


Neomycin complex 
Actinomycin 


Croceomycin 


Antiphlei 364 antibiotic 


Plant pathogen 
Cacaomycetin 


Cerevioccidin 


Collinomycin + rubromycin 


| 


Nature, 176, 646, 1955; Ann. Biochem: 
and Exp. Med. (Calcutta), 15, 175, 
1955. 

J. Antibiotics (Japan), 2, 341, 1948/49. 

J. Antibiotics (Japan), 6A, 148; 1953; 
6B, 205, 1953. 

Gauze et al., 1957, op. cit., pp. 32 and 
35. 


Gauze et al., 1957, op. cit., p. 67. 
J. Biol. Chem., 168, 765, 1947. 
Giorn. microbiol., 1, 127, 1955. 


J. Antibiotics (Japan), 7A, 107, 1954. 
Soil Sci., 47, 37, 1939. - 


Gauze et al., 1957, op. cit., pp. 44 and 47. 
Gauze et al., 1957, op. cit., p. 44. 


Brit. Pat. 708,686, May 5, 1954. 
Gauze et al., 1957, op. cit., pp. 32 and 41. 


J. Antibiotics (Japan), 9A, 125, 1956. 


J. Antibiotics (Japan), 3, 363, 1949/50. 


| Arch. Mikrobiol., 25, 90, 1956. 


| J. Antibiotics (Japan), 9A, 86, 1956. 


Soil Sci., 25, 225, 1928. 

Gauze et al., 1957, op. cit., pp. 140 and 
141. 

Antibiotics & Chemotherapy, 4, 653, 
1954. 

Antibiotics & Chemotherapy, 4, 1050, 
1954. 

J. Antibiotics (Japan), 9B, 62, 1956. 

Krassilnikov, 1941, op. cit., p. 40; 1949, 
op. cit., p. 85. 

Gauze et al., 1957, op. cit., pp. 140 and 
143. 

Soil Sci., 1, 99, 1916. 

J. Antibiotics (Japan), 3, 517, 1949/50; 
4, 185, 1951; Toéhoku J. Exp. Med., 55, 
355, 1952. 

Med. Research Council (Brit.), Spec. 
Rep. Ser. No. 203: 1, 1935. 

Ann. Appl. Biol., 19, 515, 1932. 

J. Antibiotics (Japan), 4, 357, 1951; 5, 
24, 1952. 

J. Antibiotics (Japan), 8A, 42, 1955. 

Soil Sci., 1, 99, 1916. 

Gauze et al., 1957, op. cit., pp. 170 and 
176. 

Arch. Mikrobiol., 17, 361, 1952; 18, 327, 
1953; Naturwiss., 40, 59, 1953; 40, 166, 
1953. 

Krassilnikov, 1941, op. cit., p. 14; 1949, 
op. cit., p. 53. 
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CLASSIFICATION OF STREPTOMYCETES 69 


SECTION 


SPIRA (S)—Continued 


Epithet 


Strain Number 


| 
| 
| 
| 


Metabolic Product(s) or Activity 


| Reference 


*endus 


*filipinensis 
fimbriatus 
flaveolus 


flaveolus 
tflavovirens 
flavoviridis 

flavus 

ganmycicus 
tgelaticus 
graminofaciens 
griseochromogenes 


griseoincarnatus 


*griseolus 


griseomycini 


griseoruber 


griseorubiginosus v. 


spiralis 
griseus 


griseus variabilis 
griseus zonatus 
halstedii 
hawaiiensis 
hygroscopicus 
hygroscopicus v. 
angustmyceticus 
*hygroscopicus 


iverini 


kurssanovii 


longisporus griseus 
lydicus 
malachitus 


marinus 


mitakaensis 
mutabilis 


GRAY SERIES—Continued 


134 


104 


2A 327 


14576-4 (ATCC 11796) 


6A-704 


1545 


1534/53, 3084, 12735, 13008, 
13009, and 13062 

177/54, 405/53, 760/53, 
7069/54, 7235/54, 9238, 
10294, 10570, 10579, 10583, 
10656, 10665, 10762, 10991, 
11074, and 12502/54 


74-4 
1176/53, 9039, 12110, 12415/56, 
12421/54, 12679a, and B-472 


| 
| 
| 
| 
| 
| 
| 


Endomycin 


Filipin 

Plant pathogen 
Actinomycin A 
Flaveolin 


Actinoflavin 
A) 
Ganmycin + carcinomycin 


(actinomycin 


Streptogramin 


Blasticidins A, B, and C 


Anisomycin 


Bryamycin (thiostrepton) 


Angustmycins 
nine), and C 
Hygroscopins A, B, and C 


A, B (ade- 


Streptolydigin 


Agar-digestion 


Mikamycin 


Phytopathology, 41, 393, 1951; Brit. Pat. 
705,622, Mar. 17, 1954; U. S. Pat. 
2,746,902, May 22, 1956. 

Phytopathology, 45, 559, 1955. 

Ann. Appl. Biol., 13, 580, 1926. 

J. Antibiotics (Japan), 4, 335, 1951. 

J. Antibiotics (Japan), 6A, 11, 1953. 

Soil Sei., 8, 71, 1919. 

Krassilnikov, 1941, op. cit., p. 30; 1949, 
op. cit., p. 72. 

J. Penicillin (Japan), 1, 129, 1947; J. 

Antibiotics (Japan), 4, 335, 1951. 

| J. Antibiotics (Japan), 9A, 8, 1956; 9A, 

| 113, 1956; 9B, 160, 1956. 

| Soil Sci., 8, 71, 1919. 


Antibiotics Ann., 1953/54, p. 171; Anti- 
| biotics & Chemotherapy, 3, 1283, 
| 1953. 

| Bull. Agr. Chem. Soc. Japan, 19, 181, 

1955. 

_ Gauze et al., 1957, op. cit., pp. 169 and 

| 170. 

| J. Am. Chem. Soc., 76, 4053, 1954; Anti- 

biotics Ann., 1954/55, p. 809; U. S. 

| Pat. 2,691,618, Oct. 12, 1954. 

| Gauze et al., 1957, op. cit., pp. 132 and 

136. 

Gauze et al., 1957, op. cit., pp. 186 and 
195. 

Gauze et al., 1957, op. cit., pp. 186 and 
194. 

Gauze et al., 1957, op. cit., pp. 131 and 
132. 

Krassilnikov, 1949, op. cit., p. 95. 

| Ibid. 

| Soil Sei., 1, 99, 1916. 

| Antibiotics & Chemotherapy, 6, 63, 
1956. 

Proc. Linnean Soc. N.S. Wales, 56, 345, 
1931. 

J. Antibiotics (Japan), 7A, 113, 1954; 
7A, 116, 1954; 9A, 195, 1956. 

J. Agr. Chem. Soc. Japan, 28, 296, 1954; 
28, 715, 1954; J. Antibiotics (Japan), 
7B, 329, 1954. 

Gauze et al., 1957, op. cit., pp. 132, and 
138. 

Gauze et al., 1957, op. cit., pp. 151 and 
156. 


Krassilnikov, 1949, op. cit., p. 98. 
| Antibioties Ann., 1955/56, p. 886. 

| Gauze’et al., 1957, op. cit., pp. 162 and 
| 164. 


| 76, 1946. 

| J. Antibioties (Japan), 9A, 193, 1956. 

| Gauze ef al., 1957, op. cit., pp. 164 and 
166. 
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SECTION 


SPIRA (S)—Continued 


[voL. 6 


Epithet Strain Number Metabolic Product(s) or Activity Reference 
GRAY SERIES—Continued 

*naganishii H-4869 and H-4871 Anti-Trichomonas antibiotic | J.Gen. Appl. Microbiol. (Japan), 1, 201, 
1955. 

*narbonensis ETH 7346 Narbomycin Helv. Chim. Acta, 38, 935, 1955. 

nigrescens 1800/54, 1555/53, 6618/54, Gauze et al., 1957, op. cit., pp. 140 and 

7083/54, 8511/54, 9177/54, 146. 
and 10638/54 

jolivochromogenus Chromogenus 205 Soil Sci., 8, 71, 1919. 

*parvullus 3677 Actinomycin D Antibiotics Ann., 1954/55, p. 853; Anti- 
biotics & Chemotherapy, 4, 1050, 
1954. 

parvus 3679 Actinomycin Antibiotics & Chemotherapy, 4, 1050, 
1954. 

*platensis NRRL 2364 Oxytetracycline Brit. Pat. 713,795, Aug. 18, 1954. 

pseudogriseolus 534 Xanthomycin J. Antibiotics (Japan), 8A, 126, 1955. 

pur peochromogenus 108 Eumycetin + violacetin J. Antibiotics (Japan), 7A, 165, 1954; 
8A, 33, 1955; 8B, 118, 1955. 

rubiginosus Gauze et al., 1957, op: cit., pp. 132 and 
134. 

*rubrocyano-diastaticus | 565 and 640 Giorn. microbiol., 1, 127, 1955. 

v. impiger 

rutgersensis Soil Sci., 1, 99, 1916. 

rutgersensis H-1159 Xanthomycin-like antibiotic | J. Antibiotics (Japan), 4, 467, 1951. 

*rutgersensis v. DINR-41 Camphomycin Rev. invest. agr. (Buenos Aires), 8, 263, 

castelarense 1954. 

scabies Plant pathogen Conn. Agr. Exp. Sta. Ann. Rept., 1891, 
p. 153. 

spiralis 11 Ann. Appl. Biol., 13, 580, 1926. 

variabilis 


variabilis v. roseolus 
*violaceoniger 
violaceus 

violaceus chromogenes 


viridiviolaceus 


willmorei 
Sp. 

Sp. 

*sp. 

*sp. 

sp. 

*sp. 

*sp. 

sp. 


“ep. 
*sp. 


NRRL B-1476, NRRL B-1477, 
and NRRL B-1478 


NCTC 1856 


A9-6 

Ag 2023, Ag 2025, Ag 2026, Ag 
2027, Ag 2028, Din 452, and 
Wind 756 

M 4575 


C4 

ETH 8703 and ETH 9427 
91-6 

AAK-84 

A158 


65-24 
Nig-1l 


94 
T. 3414 
MD-2428 


Nigericin? 


Plant pathogen 


Human pathogen 


Actinomycin 
Actinomycin X complex 


Amphotericins A and B 
Chromin 


Foromacidins A, B,C, and D 
Fuscomycin (xanthomycin?) 
Gancidin 


Helixins A, B,C, and D 


Levomycin 
Nigericin 


Streptomycin strepto- 

thricin-like antibiotic 
Xanthomycins A and B 
Unidentified antibiotic 
Steroid conversion 


Gauze et al., 1957, op. cit., pp. 170 and 

Gauze et al., 1957, op. cit., pp. 170 and 
172. 

Appl. Microbiol., 3, 1, 1955; Authors’ 
data, 1956. 

Soil Sci., 1, 99, 1916. 

Krassilnikov, 1949, op. cit., p. 55. 

Gauze et al., 1957, op. cit., pp. 186 and 
188. 

Med. Research Council (Brit.), Spec. 
Rep. Ser. No. 203: 1, 1935. 

Can. J. Research, 26C, 27, 1948. 

Arch. Mikrobiol., 25, 90, 1956. 


Antibiotics Ann., 1955/56, pp. 579 and 
587. 

J. Antibiotics (Japan), 4, 357, 1951; 5, 
577, 1952; 5, 677, 1952. 

Helv. Chim. Acta, 39, 304, 1956. 

J. Antibiotics (Japan), 5, 481, 1952. 

J. Antibiotics (Japan), 9A, 97, 1956; 9B, 
160, 1956. 

Mycologia 44, 159, 1952; Phytopathology, 
42, 506, 1952. 

Arch. Biochem. Biophys., 53, 282, 1954. 

Proc. Indiana Acad. Sci., 59, 38, 1950; 
Antibiotics & Chemotherapy, 1, 594, 
1951. 

J. Bacteriol., 53, 769, 1947. 


J. Biol. Chem., 176, 413, 1948. 
Ann. pharm. frang., 12, 440, 1954. 
J. Am. Chem. Soc., 74, 2126, 1952. 
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SECTION 
SPIRA (S)—Continued 


Epithet Strain Number Metabolic Product(s) or Activity Reference 


SERIES UNKNOWN 


odoratus 350 and 423 Krassilnikov, 1941, op. cit., p. 40; 1949, 
op. cit., p. 86. 
phoenix Rhodocidin Antibiotics & Chemotherapy, 3, 788, 
1953. 
sp. A-1404 Dextromycin (neomycin) + | J. Antibiotics (Japan), 3, 297, 1949/50; 
fradicin-mycelin type anti- 3, 440, 1949/50; 8B, 360, 1955; 9B, 113, 
biotic 1956. 


SECTION 


MONOVERTICILLUS sect. nov. 


Streptomycetes with sporophores as primary verticils or whorls attached to long, straight branches; no spirals. 
Section epithet derived from the Greek ‘‘uévos’’ meaning ‘‘one’’ and the Latin ‘‘vertex’’ meaning ‘‘a whirl.”’ 


We have not yet observed a culture which could be placed with certainty in this section. Generally, those cultures reported 
to be monoverticillate are, in fact, biverticillate. 


SECTION 
MONOVERTICILLUS (MV) 


Epithet | Strain Number | Metabolic Product(s) or Activity | Reference 


WHITE SERIES 


mediocidicus | 535-A1 and 676-Cl | Mediocidin | J. Antibiotics (Japan), 7A, 98, 1954. 


OLIVE-BUFF SERIES 


YELLOW SERIES 


viridoflavus Candidin complex Actinomycetes and their antibiotics, Wil- 
liams and Wilkins, Baltimore, 1953, 
p. 66; Antibiotics & Chemotherapy, 4, 
455, 1954. 


BLUE SERIES 
RED SERIES 
GRAY SERIES 
sp. C-20 Unidentified antifungal anti- | J. Antibiotics (Japan), 4, 357, 1952. 
biotic 


SERIES UNKNOWN 


SECTION 


MONOVERTICILLUS-SPIRA sect. nov. 
Streptomycetes with sporophores as primary verticils or whorls attached to long, straight branches; elements of verticils or 
whorls spiralled. 


Section epithet derived from the Greek ‘‘uévos” meaning ‘‘one,”’ the Latin ‘‘vertex’’ meaning ‘‘a whirl,’’ and from the Latin 
“spira’”’? meaning ‘‘a coil or twist.” 

We have not yet observed a culture which could be placed with certainty in this section. Those cultures reported to be mono- 
verticillate with spirals possibly are biverticillate with elements of the secondary verticils or whorls spiralled. 
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SECTION 


MONOVERTICILLUS-SPIRA (MV-S) 


Epithet 


Strain Number | Metabolic Product(s) or Activity 


| Reference 


circulatus 


netropsis 


WHITE SERIES 
| | 
OLIVE-BUFF SERIES 
YELLOW SERIES 
BLUE SERIES 


RED SERIES 
| 7618 | Sinanomycin (netropsin) 


GRAY SERIES 
SERIES UNKNOWN 


SECTION 
BIVERTICILLUS sect. nov. 


Krassilnikov, 1941, op. cit., p. 60; 1949, 
@p. ctt., p. 112. 


| J. Antibiotics (Japan), 9A, 102, 1956. 


Streptomycetes cum sporophora opposita ramosa et multipliciter verticillata; spirae nullae. Tyfus Streptomyces cinnamomeus Benedict 
etal. NRRL B-1285 in Culture Collection Northern Utilization Research and Development Division depositus. 


Streptomycetes with sporophores as compound verticils or whorls attached to long, straight branches; no spirals, Type: Strep- 
ltomyces cinnamomeus Benedict et al., strain NRRL B-1285. 


Section epithet derived from the Latin “‘bis’”’ meaning ‘‘two”’ and “‘vertex’’ meaning “‘a whirl.”’ 


SECTION 
BIVERTICILLUS (BIV) 


Epithet 


Strain Number | Metabolic product(s) or Activity 


| Reference 
WHITE SERIES 
mashuensis Streptomycin + antifungal | J. Antibiotics (Japan), 8A, 44, 1955. 
| antibiotic 
OLIVE BUFF SERIES 
*albireticuli | 3724 Eurocidin + enteromycin +| J. Agr. Chem. Soc. Japan, 29, 647, 1955. 
| carbomycin 
caespitosus V621 | Mitomycins A and B J. Antibiotics (Japan), 9A, 141, 1956; 
| | 9A, 147, 1956. 
*eurocidicus | 549-Al Eurocidin + azomycin + | J. Antibiotics (Japan), 7A, 98, 1954; 8A, 
tertiomycins A and B | 105, 1955; 8A, 161, 1955; 9B, 200, 1956. 
olivoverticillatus | 383 | Mem. Osaka Univ. Lib. Arts & Ed., No. 
| BB: 84, 1956. 
YELLOW SERIES 
kitasatoensis 299-5 and 8-7 Leucomycin and leucomycin | J. Antibiotics (Japan), 6A, 87, 1953; 6A, 
B+ unnamed antibiotic 109, 1953; 9A, 202, 1956. 
luteoverticillatus 486 


verticillatus viridans 


*albus 

biverticillatus 

*cinnamomeus f. 
cinnamomeus 


*cinnamomeus f. 
azacoluta 


BLUE SERIES 


| 


RED SERIES 


NRRL 2401 Acetopyrrothine (thiolutin) 


NRRL B-1285 Cinnamycin + unnamed anti- 
biotic 

NRRL B-1699 Antibiotic F-17 mixture 
(duramycin + antibiotics 
A and C) 
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Mem. Osaka Univ. Lib. Arts & Ed., No. 
5B: 84, 1956. 


Krassilnikov, 1941, op. cit., p. 59; 1949, 
op. cit., p. 110. 


U.S. Pat. 2,689,854, Sept. 21, 1954. 

Gauze et al., 1957, op. cit., pp. 68 and 75. 

Antibiotics & Chemotherapy, 2, 591, 
1952; 4, 1135, 1954; Phytopathology, 
46, 575, 1956. 

Phytopathology, 46, 568, 1956; 46, 575, 
1956; Abstr. of Papers, 131st Meeting 
Am. Chem. Soc., p. 18-0, 1957. 
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SECTION 


BIVERTICILLUS (BIV)—Continued 


Epithet | Strain Number | Metabolic product(s) or Activity Reference 


RED SERIES (Continued) 


*griseocarneus | NRRL B-1068 and NA232-M1 | Hydroxystreptomycin + an- | Science, 112, 77, 1950; Arch. Biochem., 
tifungal antibiotic 28, 150, 1950; Antibiotics & Chemo- 
| therapy, 1, 309, 1951; Bacteriol. Proc. 
| Soc. Am. Bacteriologists, p. 30, 1951; 
| J. Bacteriol., 62, 487, 1951; U. S. Pat. 
| | 2,617,755, Nov. 2, 1952. 
hachijoensis H-2609 | Trichomycins A, B, and C J. Antibiotics (Japan), 7A, 10, 1954; 8A, 
48, 1955. 
*hiroshimensis 201 | Seibutagakkaishi, 6, 43, 1955. 
*kentuckensis 5X1 RCV (ATCC 12691) | Raisnomycins Antibiotics & Chemotherapy, 6, 286, 
1956. 
lilacinus | 2305 | Cladomycin J. Antibiotics (Japan), 9B, 81, 1956. 
*netropsis 2937-6 | Netropsin J. Am. Chem. Soc., 73, 341, 1951; U.S. 
| Pat. 2,586,762, Feb. 19, 1952. 
*reticuli H-365 | Reticulin § (hydroxystrepto- | J. Antibiotics (Japan), 3, Suppl. A: 66, 
mycin) + rotaventin 1949/50; 5, 451, 1952; 6B, 61, 1953. 
roseoverticillatus 462 | Mem. Osaka Univ. Lib. Arts & Ed., No. 
| | 5B: 84, 1956. 
*rubrireticult 3631 | Author’s data, 1956. 
*salmonicida | Fish pathogen J. Bacteriol., 58, 659, 1954. 
sp. | H-3030 | Trichomycin J. Antibiotics (Japan), 7A, 10, 1954. 
GRAY SERIES 
*abikoensis | 3654 | | Author’s data, 1956. 
SERIES UNKNOWN 
ehimensis | 138 Candimycin | J. Antibiotics (Japan), 7B, 168, 1954. 
multifidus | | Krassilnikov, 1941, op. cit., p. 59. 
reticuli | 3724 | | J. Agr. Chem. Soc. Japan, 29, 644, 1956. 
reticulus-ruber _ F-20 Unidentified antibiotic | J. Antibiotics (Japan), 5, 67, 1952. 
verticillatus | | Mikrobiologiya, 7, 105, 1938. 
sp. | Ill | Thermophile | Soil Sci., 47, 37, 1939. 


SECTION 
BIVERTICILLUS-SPIRA sect. nov. 


Streptomycetes with sporophores as compound verticils or whorls attached to long, straight branches; elements of secondary 
verticils or whorls spiralled. 

Section epithet derived from the Latin ‘‘bis’’ meaning ‘“‘two,”’ ‘‘vertex’’ meaning ‘‘a whirl,’’ and ‘‘spira’’ meaning ‘“‘a coil or 
twist.”’ 


We have not yet observed a culture which could be placed with certainty in this section, although S. netropsis 2937-6 possibly 
may be placed in the red series. 


SECTION 
BIVERTICILLUS-SPIRA (BIV-S) 


Epithet | Strain Number Metabolic product(s) or Activity Reference 


WHITE SERIES 
OLIVE-BUFF SERIES 
YELLOW SERIES 
BLUE SERIES 


RED SERIES 


: GRAY SERIES 


reticulus-ruber | Soil Sci., 8, 71, 1919. 


SERIES UNKNOWN 


SPECIES AND STRAINS FOR WHICH SECTION POSITION IS UNKNOWN 
The nomenclature and taxonomic position of species and strains which fall in this group require critical examination. Many 
are not sufficiently described or illustrated to warrant their being placed in any of the preceding sections. Undoubtedly, some could 
be placed in their proper category with a minimum of laboratory study. Some of these are species for which the types have de- 
generated or are no longer available. Many are so broadly defined that they could be referred to a number of presently recognized 
species. 
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SECTION POSITION UNKNOWN 


[voL. 6 


Epithet 


Krainsky, 1914, op. cit. 


Strain Number Metabolic Product(s) or Activity Reference 
WHITE SERIES 
albidus Duché, J., 1934, Les Actinomyces du 
Groupe, Albus, Vol. 6, Encyclopédie 
Mycologique, edited by Paul Leche- 
valier & Sons, Paris, France, p. 266. 
almquisti Duché, 1934, op. cit., p. 278. 
chrysomallus 192, 326, 327, and Wal. 679 Actinomycins C;, C2, and C; | Arch. Mikrobiol., 18, 327, 1953. 
coelicolor Centr. Bakteriol. Parasitenk., I Abt., 
46, 195, 1908. 
exfoliatus Soil Sci., 1; 99, 1916. 
fimicarius Duché, 1934, op. cit., p. 346. 
flocculus Duché, 1934, op. cit., p. 300. 
gougeroti Duché, 1934, op. cit., p. 272. 
griseolus Griseomycin (lomycin) Antibiotics & Chemotherapy, 3, 1243, 
1953. 
heimi Duché, 1934, op. cit., p. 359. 
luteochromogenus 146-A2 Phthiomycin J. Antibiotics (Japan), 6A, 183, 1953. 
malenconi Duché, 1934, op. cit., p. 353. 
marinolimosus 513 Bull. Scripps Inst. Oceanogr. Univ. 
Calif., 5, 239, 1944. 
mirabilis Miramycin Pharmazie, 7, 542, 1952. 
pheochromogenus N. Y. State Agr. Exp. Sta., Geneva, 
N. Y., Tech. Bull., 60, 1, 1917. 
thioluteus 26A and 4-Al Aureothricin + aureothin Japan. Med. J., 1, 512, 1948; J. Anti- 
biotics (Japan), 2, Suppl. A: 105, 
1948/49; 6A: 137, 1953. 
sp. H-1205 Unidentified basic antibiotic | J. Antibiotics (Japan), 5, 245, 1952. 
OLIVE-BUFF SERIES 
* autotrophicus (Resembles Nocardia coeliaca) | Arch. Mikrobiol., 25, 58, 1956. 
blastmyceticus 455 D1 Blastmycin + polyene anti- | J. Antibiotics (Japan), 10A, 39, 1957. 
biotic 
griseo flavus 206 Grisamine J. Antibiotics (Japan), 8A, 39, 1955. 
griseus Krainsky, A., Die Aktinomyceten und 
ihre Bedeutung in der Natur., Centr. 
Bakteriol., Parasitenk., II Abt., 41, 
649, 1914. 
* nitrificans (Resembles Nocardia coeliaca) | Bacteriol. Proc. Soc. Am. Bacteriolo- 
gists, p. 152, 1952; J. Bacteriol., 68, 
1, 1954. 
YELLOW SERIES 
albosporeus Krainsky, 1914, op. cit. 
alboviridis Duché, 1934, op. cit., p. 317. 
citreus Krainsky, 1914, op. cit. 
krainskii Duché, 1934, op. cit., p. 306. 
lieskei Duché, 1934, op. cit., p. 289. 
parvus Krainsky, 1914, op. cit. 
phaeochromogenus A-1502a Chloramphenicol J. Antibiotics (Japan), 3, 297, 1949/50; 
3, 512, 1949/50. 
sp. 116, 330, and 331 Actinomycin C Arch. Mikrobiol., 18, 327, 1953. 
BLUE SERIES 
baarnensis A. viridis of Duché Duché, 1934, op. cit., p. 311; Personal 
Communication. Duché to Pridham, 
1957. 
griseoflavus Krainsky, 1914, op. cit. 
viridis 747 Chartreusin-like glucosidic | Antibiotics & Chemotherapy, 6, 283, 
antibiotic 1956. 
viridochromogenes Krainsky, 1914, op. cit. 
RED SERIES 
alboatrus | Soil Sci., 1, 99, 1916. 
lavendulae Framycetin Ann. pharm. frang., 11, 44, 1953. 
microflavus 
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SECTION POSITION UNKNOWN—Continued 


Epithet 


Strain Number 


Metabolic Product(s) or Activity 


Reference 


rectus bruneus 
roseochromogenus 


roseochromogenus 
roseochromogenus 
roseodiastaticus 
roseus 

ruber 

sp. 


sp. 


albus 

cellulosae 
cinereoruber 
coelicolor v. achrous 


coelicolor v. flavus 
diastaticus 
diastaticus v. lipmanii 
diastatochromogenes 
erythrochromogenes 
flavochromogenes 
flavogriseus 
flavovirens 

flavus 

flavus 


gedanensis 
hygroscopicus 


echinatus 
limosus 
melanocyclus 
melanosporeus 
nourset 


olivaceus 
parvus 


pheochromogenus 

phaeochromogenus v. 
chloromyceticus 

poolensis 

tanashiensis 


xanthophaeus 
Sp. 


RED SERIES—Continued 


K-300 and 318 


Seki and 259 
39 


T. 4473 


2265 


ETH 7451 and others 

504/54, 651/55, 4909/54, 10594, 
and SAW 3355 

38/55, 5636/54, and 10147 


83D 


0-2 


ETH 8331 
BoBr 136 and Per. 176 


5286 


346 
3680 


406 
B-870 


304 
N-109 


Wiist 70 

le, Badberg, 847, and Pii. 262 
(abb. 1) 

Wind. 731 

A-1129 and A-1165 

304 


Orientomycin (special sub- 
stance No. 2, K-300 sub- 
stance, D-4-amino-3-isoxa- 
zolidone, cycloserine, oxa- 
mycin, antibiotic PA 94) 

Streptothricin 2 

Streptothricin 1 (roseomycin) 


Mycolutein + pulvomycin 


Unidentified antibiotic 


GRAY SERIES 
Isomaltose-like antibiotic 


Rhodomycin 


Actinomycin 


Streptothricin type 3 + 
flavacid (C-type substance) 
+ D-type substance 


Antibiotic M-4209 (carbo- 
mycin) 
Echinomycin 


Phalamycin 


Streptomycin 
Actinomycin 


New antibiotic No. 1 
Thiomycin 


Streptomycin-like antibiotic 

Luteomycin-like antibiotic + 
acidic antibiotic 

Unnamed antibiotic 

Actinomycin 


Actinomycin X 
Aklavin 
Cremomycin 


Fungichromatin 
Geomycin 
Kanamycin 


Krassilnikov, 1949, op. cit., p. 65. 

J. Antibiotics (Japan); 4, 183, 1951; 
5, 481, 1952; 5, 682, 1952; 7B, 81, 1954; 
9A, 164, 1956. 


J. Antibiotics (Japan), 4, 183, 1951. 

Ibid. 

Duché, 1934, op. cit., p. 329. 

Krainsky, 1914, op. cit. 

Ibid. 

Antibiotics & Chemotherapy, 5, 652, 
1955; 7, 384, 1957. 

Ann. pharm. frang., 12, 440, 1954. 


J. Antibiotics (Japan), 7B, 51, 1954. 
Krainsky, 1914, op. cit. 

Arch. Mikrobiol., 25, 325, 1957. 
Gauze et al., 1957, op. cit., p. 191. 


Gauze et al., 1957, op. cit., p. 192. 
Krainsky, 1914, op. cit. 

Giorn. microbiol., 1, 127, 1955. 
Krainsky, 1914, op. cit. 

Ibid. 

Ibid. 

Duché, 1934, op. cit., p. 341. 

J. Bacteriol., 56, 107, 1948. 
Krainsky, 1914, op. cit. 

J. Antibiotics (Japan), 6A, 117, 1953. 


Z. Hyg. Infektionskrankh., 63, 1, 1909. 

Antibiotics & Chemotherapy, 3, 899, 910, 
1953. 

Helv. Chim. Acta, 40, 199, 1957. 

Arch. Mikrobiol., 17, 361, 1952. 

Krainsky, 1914, op. cit. 

Ibid. 

Antibiotics & Chemotherapy, 3; 818, 
1953. 

J. Antibiotics (Japan), 4; 183, 1951. 

Antibiotics & Chemotherapy, 4; 1050, 
1954. 

J. Antibiotics (Japan), 4, 183, 1951. 

J. Antibiotics (Japan), 8A, 118, 1955. 


J. Antibiotics (Japan), 4, 183, 1951. 
J. Antibiotics (Japan), 6A, 172, 1953. 


Arch. Mikrobiol., 17, 361, 1952. 
Arch. Mikrobiol., 18, 327, 1953. 


Ibid. 

J. Bacteriol., 72, 90, 1956. 

J. Antibiotics (Japan), 4, 183, 1951; 5, 
615, 1952. 

Antibiotics Ann., 1954/55, p. 716. 

Angew. Chemie, 66; 1, 1954. 

J. Antibiotics (Japan), 10A, 107, 1957. 
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| Reference 


i 


Antibiotics & Chemotherapy, 4; 380 
1954; Proe. Nat. Acad. Sci. U. S. 41, 
620, 1955. 

J. Antibiotics (Japan), 7A, 58, 1954. 

Antibiotics Ann., 1955/56, p. 554. 

Ber. O’Hara Inst., 10; 229, 1956. 


| 

| 

| 

| 

| 1957. 

| Compt. rend., 226, 1146, 1948. 

J. Antibiotics (Japan), 7A, 98, 1954. 

J. Antibiotics (Japan), 6A, 38, 1953. 

Ibid. 

U.S. Pat. 2,595,499, May 6, 1952. 

Rev. Belge Path. Med. exp., 23, 370, 
1954; Zentr. Bakteriol., Parasitenk., 
I. Abt., 165, 122, 1956. 
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SECTION POSITION UNKNOWN—Continued 
Epithet Strain Number Metabolic Product(s) or Activity 
GRAY SERIES—Continued 

sp. A717 Nybomycin 

Sp. 6706 Pyridomycin 

Sp. Thiostrepton (bryamycin) 

Sp. 30-10 Antibiotic 30-10 

Sp. Antibiotie 1943 

sp. 105 Unidentified lytic agent 

SERIES UNKNOWN 

abikoensum 489-C2 Ascosin + abikoviromyecin 

achromogenes Z-4-1 Achromoviromycin + sarcidin 

albidoflavus Streptothricin A 

albido flavus Vitamin Bi» 

albus 56, 82, and others Mucinase 

albus Xanthothricin 


albus sterilis 
ambofaciens 


aminophilus 
antibioticus 


antibioticus 
antibioticus 
antibioticus 
antibioticus 
antibioticus 
aureofaciens 


aureofaciens 


aureus 

aureus 

aureus 

aureus or phaeochromo- 

genus 

bobili 

bobili or lavendulae 
calvus 


cellulosae 


cinereoruber v. fructo- 
fermentans 

colombiensis 

colorata 

coremiales 

diastatochromogenes 


exfoliatus 
gallicus 


gibsonii 
griseolus 
griseoplanus 


Nepara 1968 


8-4 


C-930 


A-64A, A-64B, Sa, and Sb 


L131 
Q-11A 
W.C. 3676 
PD 04997 


A-422 
T3018 


ETH 6143 


207 


NCTC 4582 


NCTC 4575 
T 4126 
AA-223 


Miamycin + spiramycin-like 
complex 

Antibiotic 1968 (Nepara) 

Actinomycelin 


Actinomycin A 

Actinomycin C 

Phagocidin 

Antibiotic PA 105 

Vitamin Bi. 

Chlortetracycline + aureo- 
facin 

Quinocycline complex (6 com- 
ponents including quino- 
cyclines A and B and iso- 
quinocyclines A and B) 

Unidentified antibiotic 

Actinoleukin 

Steroid conversion 

6-Diazo-5-oxo-L-norleucine 
(DON) 


Unidentified antibiotic 
Nucleocidin 


Fungichromin + actinomycin 
Cinerubin 


Vitamin Bis 
Cellulose decomposition 


Fradicin-mycelin type anti- 
biotic 
Exfoliatin 


Oxytetracycline 
Alazopeptin 


Antibiotics «& Chemotherapy, 4, 259, 
1954. 

Krassilnikov, 1941, op. cit., p. 52; 1949; 
op. cit., p. 89. 

Antibioties & Chemotherapy, 7, 37, 1957. 


Antibiotics Ann., 1955/56, p. 236. 

Publ. tech. No. 16, inst. fitotech., p. 147, 
1948. 

Science, 101, 665, 1945. 

Naturwiss., 39, 376, 1949. 

J. Antibiotics (Japan), 9A, 152, 1956. 

Antibioties Ann., 1954/55, p. 827. 

U.S. Pat. 2,595,499, May 6, 1952. 

J. Antibiotics (Japan), 9B, 79, 1956. 


Abstr. 5th Antibiotic Symposium, 1957. 


J. Antibiotics (Japan), 2, 271, 1948/49. 

J. Antibiotics (Japan), 7A, 125, 1954. 

U.S. Pat. 2,753,290, July 3, 1956. 

Antibiotics & Chemotherapy, 6, 487 
1956. 

Soil Sci., 1, 99, 1916. 

J. Antibiotics (Japan), 3, 203, 1949/50. 

Abstr. 4th Antibiotic Symposium, 1956; 
Antibiotics Ann., 1956/57, p. 716. 

Antibiotics Ann., 1954/55, pp. 716 and 
718. 

Arch. Mikrobiol., 25, 322, 1957. 


U.S. Pat. 2,595,499, May 6, 1952. 

J. Bacteriol., 12, 1 and 343, 1926. 
Krassilnikov, 1949, op. cit., p. 88. 

J. Antibiotics (Japan), 9B, 113, 1956. 


J. Antibiotics (Japan), 5, 466, 1952. 

Med. Research Council (Brit.), Spec. 
Rep. Ser. No. 203: 1, 1935. 

Ibid. 

Ann. pharm. frang., 12, 440, 1954. 

Abstr. 4th Antibiotic Symposium, 1956; 
Antibiotics Ann., 1956/57, p. 730. 


Antibiotics & Chemotherapy, 7, 345, 
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Epithet 


Strain Number 


Metabolic Product(s) or Activity 


Reference 


griseus 
griseus 


griseus 


griseus 
halotrichis 


halstedii 


humidus 
hygroscopicus 


kitasatoensis 
lavendulae 


lavendulae 


lavendulae 


lavendulae 

lavendulae 

lavendulae v. japonicus 
leidynematis 


maculatus 
microflavus 
natalensis 
nourset 
orchidaceus 


panja 
parvus 


pheochromogenus 
pleofaciens 
pluricolorescens 


puniceus 
purpeo-chromogenus 
rimosus 
roseochromogenus 
roseochromogenus 

rose och romogenus 
roseochromogenus 
ruber 

rubrireticuli 
rubrocyano-diastaticus 
rulgersensis 
salmonicolor 

scabies 

somaliensis 


SERIES UNKNOWN—Continued 


3496 
3533 


Various strains 


58-B 
618 


23572 

M5-13184, M5-14154, and M43- 
03749 

170 


3716 


WC 3440-14 


| NCTC 4574 


Hosoya 


Streptomycin + streptocin 
Streptocin + cycloheximide 


Vitamin Bis 


Demyelination 


Carbomycin 


Dihydrostreptomycin 
Hygromycin 


Leucomycin 
Mycobacidin 


Mycothricin complex 


Steroid conversion 


Antibiotics 136 and B 
Unidentified basic antibiotic 
Streptothricin 

Insect pathogen 


Streptothricin A 

Pimaricin 

Fungicidin + cycloheximide 

Cycloserine (D-4-amino-3- 
isoxazolidone, oxamycin, 
orientomycin, antibiotic 
PA 94) 

Human pathogen 


Eulicin + actinomycin + 
basie antibiotic 

Chloramphenicol 

Pleomycin 

Pluramycins A and B 


Viomyein 


Oxytetracycline 
Roseomycin 

Seligocidin 

Unidentified basic antibiotic 
Vitamin 

Mycoticin 

Trichonin 


Ruticin 


| Plant Pathogen 


| J. Bacteriol., 59, 523, 1950. 


Proc. Soc. Exp. Biol. Med., 70, 308, 1949; 
J. Bacteriol., 59, 523, 1950. 

U.S. Pat. 2,595,159, Apr. 29, 1952; U. S. 
Pat. 2,563,794, Aug. 7, 1951; U.S. Pat. 
2,582,589, Jan. 15, 1952. 

J. Bacteriol., 73, 148, 1957. 

Bull. Scripps Inst. Oceanogr. 
Calif., 5, 239, 1944. 

Antibiotics & Chemotherapy, 2, 441, 
1952. 

Proc. Japan Acad. Sci., 32, 648, 1956. 

Antibiotics & Chemotherapy, 3, 1268, 
1953; Antibiotics Ann., 1953/54, p. 157. 

J. Antibiotics (Japan), 9B, 213, 1956. 

Antibiotics & Chemotherapy, 2, 333, 
1952. 

Plant Disease Reporter, 40, 483, 1956; 
Mycologia, 48, 800, 1956. 

J. Am. Chem. Soc., 75, 5764, 1953; U.S. 
Pat. 2,756,179, July 24, 1956; Bac- 
teriol. Proc. Soc. Am. Bacteriologists, 
p. 138, 1957. 

Arch. Biochem., 15, 215, 1947. 

J. Antibiotics (Japan), 7B, 192, 1954. 

J. Antibiotics (Japan), 9B, 62, 1956. 

Trans. Am. Microscop. Soc., 72, 376, 
1953. 

Ann. Appl. Biol., 18, 580, 1926. 

J. Antibiotics (Japan), 6A, 38, 1953. 

Abstr. 5th Antibiotic Symposium, 1957. 

Antibiotics Ann., 1955/56, p. 245. 

Antibiotic Med., 1, 72, 1955; Antibiotics 
& Chemotherapy, 5, 204, 1955; J. Am. 
Chem. Soc., 77, 2345, 1955. 


Univ. 


Med. Research Council (Brit.), Spec. 
Rep. Ser. No. 203: 1, 1935. 

Antibiotics Ann., 1955/56, pp. 228 and 
231. 

J. Antibiotics (Japan), 4, 183, 1951. 

Antibiotics Ann., 1954/55, p. 806. 

J. Antibiotics (Japan), 9A, 22, 1956; 9A, 
75, 1956. 

Am. Rev. Tuberc., 63; 1, 1951. 

Soil Sci., 1, 99, 1916. 

Ann. pharm. frang., 12, 440, 1954. 

J. Antibiotics (Japan), 9B, 160, 1956. 

J. Antibiotics (Japan), 7A, 57, 1954. 

J. Antibiotics (Japan), 3, 839, 1949/50: 

U.S. Pat. 2,595,499, May 6, 1952. 

J. Invest. Dermatol., 23, 163, 1954. 

J. Antibiotics (Japan), 8A, 189, 1955. 

Giorn. microbiol., 1, 127, 1955. 

Antibiotics Ann., 1953/54, p. 174. 

Ann. Appl. Biol., 13, 580, 1926. 

Ann. Appl. Biol., 14, 296, 1927. 


| Arch. parasitol., 10, 489, 1906; Precis de 


| 


Parasitologie, Masson et Cie, Paris, 
France, 1913, p. 967. 
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SECTION POSITION UNKNOWN—Continued 
Epithet Strain Number Metabolic Product(s) or Activity Reference 
SERIES UNKNOWN—Continued 
spectabilis Streptovaricin (8 components)| Chem. Eng. News, 35, 30, 1957; Anti- 
biotics & Chemotherapy, 4, 200, 1957; 
Abstr. 5th Antibiotic Symposium, 1957. 
sterilis ruber Krassilnikov, 1941, op. cit., p. 24; 1949, 
op. cit., p. 58. 
subtropicus Albomycin (grisein) Brit. Med. J., p. 1177, 1951; Science, 
125, 585, 1957; 125, 587, 1957. 
toyocaensis (albus) 78 Toyocamycin J. Antibiotics (Japan), 8A, 189, 1955; 
9A, 60, 1956. 
tumuli 4 Plant pathogen Ann. Appl. Biol., 14, 296, 1927. 
upcottii NCTC 450 Human pathogen Med. Research Council (Brit.), Spec. 
Rep. Ser. No. 203: 1, 1935. 
verne Soil Sci., 1, 99, 1916. 
virginiae Streptogramin-like anti- | Antibiotics & Chemotherapy, 5, 632, 
biotic 1955. 
viridis sterilis Krassilnikov, 1941, op. cit., p. 35; 1949, 
op. cit., p. 78. 
sp. A-1129 Acidomycin (actithiazie | J. Antibiotics (Japan), 6A, 158, 1953. 
acid) 
Sp. Actiduins Chem. & Ind. (London), 1955: 442. 
Sp. 657-A2 and 688-CZ1 Actinoleukin-like antibiotic J. Antibiotics (Japan), 7A, 125, 1954. 
Sp. 334 Actinomycin Arch. Mikrobiol., 18, 327, 1953. 
sp. X-45 Actinomycin B complex Nature, 164, 830, 1949; Arch. Biochem., 
23, 503, 1949; J. Chem. Soc., 1952, 2672; 
1957, 1592, 1602. 
Sp. Merck 6009 Actinomycin (X) B Science, 120, 389, 1954; Antibiotics & 
Chemotherapy, 4, 1050, 1954; 5, 409, 
1955; 5, 417, 1955 
Sp. 100 Actinorhodine Naturwiss., 34, 190, 1947; Chem. Ber., 83, 
161, 1950. 
Sp. Amidomycin Bacteriol. Proc. Soc. Am. Bacteriolo- 
gists, p. 70, 1957. 
Sp. A-102 Antimycins Aj, As, A;,and A, | Phytopathology, 44, 438, 1954. 
Sp. Catenulin Antibiotics & Chemotherapy, 2, 460, 
1952. 
sp. H-18 Chromogenin J. Antibiotics (Japan), 2, 550, 1948/49. 
sp. A-419 Chrysomycin J. Bacteriol., 69, 280, 1955. 
Sp. Ferroverdin Nature, 176, 645, 1955. 
sp. A 116-IAUR Humicina Anais soc. biol. Pernambuco, 14, 146, 
1956. 
sp. H-2053 Luteomycin-like antibiotic J. Antibiotics (Japan), 6B, 1, 1953. 
sp. Meredith’s Musarin + monomycin Phytopathology, 33, 403, 1943; 34, 426, 
1944; Nature, 156, 781, 1945; 159, 100, 
1947; J. Gen. Microbiol., 2, 111, 1948; 
Manufacturing Chemist, 22, 47, 1951. 
sp. Antibiotic T-1384 (netropsin, | Abstr. 131st Meeting, Am. Chem. Soc., 
congocidin, sinanomycin) pp. 21N, 22N, and 23N, 1957; J. Am. 
Chem. Soc., 79, 1265 and 1266, 1957. 
sp. T 3248 Oxytetracycline Ann. pharm. frang., 12, 440, 1954. 
Sp. 843-1 Phleomycin + antibacterial | J. Antibiotics (Japan), 9A, 82, 1956. 
antibiotic + trichomycin- 
ascosin-candicidin type 
antibiotic 
sp. Primycin Nature, 174, 1105, 1954. 
sp. 964-A Protocidine J. Antibiotics (Japan), 10A, 128, 1957. 
sp. H-277 Roseothricin + 2 unnamed | J. Antibiotics (Japan), 5, 248, 1952; 5, 
antibiotics 522, 1952; 7B, 228, 1954. 
sp. Streptocardin Antibiotics Ann., 1953/54, p. 177. 
sp. 218 79 Streptothricin type 1 J. Antibiotics (Japan), 4, 183, 1951. 
sp. Sulfocidin Abstr. 5th Antibiotic Symposium, 1957. 
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SECTION POSITION UNKNOWN—Concluded 


Epithet Strain Number 


Metabolic Product(s) or Activity | 


Reference 


SERIES UNKNOWN—Concluded 


sp. Telomycin Abstr. 5th Antibiotic Symposium, 1957. 

sp. H-1116, H-1119, and H-1143 | Xanthomycin-like antibiotic | J. Antibiotics (Japan), 4, 467, 1951; 5, 
451, 1952. 

sp. Antibiotic PA 132 Abstr. 4th Antibiotic Symposium, 1956; 
Antibiotics Ann., 1956/57, p. 672. 

sp. Antibiotic PA 150 Abstr. 5th Antibiotic Symposium, 1957. 

sp. Antibiotic PA 153 Ibid. 

sp. Antibiotic PA 166 Ibid. 

sp. MD-2428 Steroid conversion J. Am. Chem. Soc., 74, 2126, 1952. 

sp. ETH 7747 Steroid conversion Helv. Chim. Acta, 37, 321, 1954. 

sp. A-220, A-548, A-560, A-717, | Unidentified antiviral anti- | Antibiotics & Chemotherapy, 4, 380, 

and A-1111 biotics 1954. 

sp. A-809 Unidentified basic antibiotie | J. Antibiotics (Japan), 3, 435, 1949/50. 

sp. 1-150 Antibiotic E-150 substance J. Antibiotics (Japan), 8A, 189, 1955. 

sp. S.K.C.C. 1377 Unidentified antibiotic Bacteriol. Proc. Soc. Am. Bacteriolo- 
gists, p. 26, 1952. 

sp. X-206, X-464, and X-5387A Antibiotics X-206, X-464, and | J. Am. Chem. Soc., 73, 5295, 1951. 

X-5387A 

sp. Chitinase Bacteriol. Proc. Soc. Am. Bacteriolo- 

gists, p. 122, 1957. 
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PRINCIPLE 


In these methods, the response of the test organism 
to graded concentrations of the substance being as- 
sayed is determined, after a suitable incubation period, 
by measurement of the amount of growth in terms of 
dry cell weight. Under the conditions of assay, this 
weight is proportional to the concentration of the 
limiting factor. By comparing the response of the test 
organism to the sample being assayed with that of the 
same organism to a known standard preparation, the 
potency of the sample may be determined. 


Types oF GRAVIMETRIC METHODS 


All gravimetric methods can be placed in one cate- 
gory. As fungi have been used almost exclusively in 
these methods for the assay of growth factors, the pro- 
cedure followed in each case is similar. Graded con- 
centrations of the sample being assayed are added to a 
series of flasks containing liquid nutrient medium. A 
standard series is prepared in the same manner. After 
sterilization, growth from a conidial inoculum, either 
dry on an inoculating needle or suspended in saline, is 
introduced into each flask of the series. Following incu- 
bation at some predetermined temperature for a given 
period of time, the mycel‘al crop is harvested and dried 
to a constant weight. The values for the mycelial 
weights from flasks of the standard series are plotted 
against the respective dose concentrations. Interpola- 
tion of the mycelial weights for the sample series on this 
curve permits calculation of the concentration of the 
assayed factor in the sample. 

Assay methods have been reported for a variety of 
growth factors. In the first application of a quantitative 
microbiological assay procedure to vitamin determina- 
tion, Schopfer (1935a, b) described a method for the 
assay of thiamine using Phycomyces blakesleeanus as the 
test organism. Several investigators (Meiklejohn, 1937; 
Sinclair, 1938; Bonner and Erickson, 1938; Burkholder 
and MeVeigh, 1940) modified and applied this method 
with some success. The accuracy of the method has 


1 Present address: Department of Research Therapeutics, 
Norristown State Hospital, Norristown, Pennsylvania. 


been confirmed by comparison with rat growth and 
thiochrome procedures (Hamner et al., 1943). 

An indication that fungi could be used in analytical 
procedures for the determination of trace metals was 
given by Niklas and Toursel (1941). Nicholas (1952) 
has advocated the use of Aspergillus niger and Penicil- 
lium glaucum for the determination of trace metals in 
biological materials. He has claimed that his method is 
better than chemical procedures for determining the 
amount of copper, zinc, molybdenum, and manganese 
in soils because of its greater sensitivity, higher accu- 
racy at low concentrations of metal, and close agreement 
of the results with crop performances. 

In a majority of the methods in this group, mutants 
of Neurospora are used as test organisms. These have 
been used to assay pyridoxin (Stokes et al., 1943a; 
Bonner and Dor'and, 1943); choline (Horowitz and 
Beadle, 1943; Luecke and Pearson, 1944a, b; Hodson, 
1945); inositol (Beadle, 1944); p-aminobenzoic acid 
(Agarwala and Peterson, 1950); biotin (Hodson, 1945; 
Tatum et al., 1946); lysine (Doermann, 1945); leucine 
(Regnery, 1944; Ryan and Brand, 1944); adenine 
(Mitchell and Houlahan, 1946); cytidine and uridine 
(Loring et al., 1948). 

It should be noted that, while gravimetric methods 
have been confined to the assay of growth factors and 
to fungi as test organisms, they could be adapted for 
substances other than growth factors and for different 
test organisms. There has been I:ttle interest in devel- 
oping gravimetric methods using bacteria or yeasts 
because other existing methods give excellent results 
in a shorter period of time, with fewer manipulations. 
However, they might have usefulness in the assay of 
inherently colored products. 


MEASUREMENT OF RESPONSE 


The determination of amount of dry cellular material 
formed in each flask involves three steps, namely, 
harvesting, drying, and weighing; none of which present 
any particular problems. The mats which are formed 
may be harvested in a single operation using a stiff wire 
needle, taking care to wipe up any pieces of mycelium 


> 
j 
i 
3 
| 
| 


1958] 


that might adhere to the sides of the flask. Sporulation 
which interferes with harvesting may be repressed 
either by the inclusion of zine sulfate in the basal me- 
dium (Stokes et al., 1943a) or by swirling the flasks 
twice daily to promote submerged growth (Ryan, 
1950). After harvesting, the growth is pressed dry be- 
tween filter paper or paper towels, rolled into a pellet, 
and dried to a constant weight. It can be conveniently 
handled during the drying and weighing on porcelain 
spot plates. 

Modifications of this procedure have been proposed. 
The contents of each flask may be collected on filter 
paper in a Buchner funnel (Tatum et al., 1946) or a 
Gooch crucible (Barton-Wright, 1953). The disad- 
vantage in the use of paper is that the mycelium must 
be removed from it before drying and weighing. 

A simple and convenient alternative has been recom- 
mended by Ryan and Brand (1944), and Siegel (1945). 
The flask contents are filtered through tared fritted 
glass crucibles, washed with water, and dried to a con- 
stant weight directly in the crucible. In this manner, 
rapid processing of a series of flasks is possible without 
handling of the individual pellets, resulting in improved 
precision of the measurement (approximately +2 per 
cent). 

The conditions recommended for drying the myce- 
lium have varied from laboratory to laboratory. For 
example, while most investigators used temperatures 
from 80 to 100 C for 2 to 4 hr, conditions have ranged 
from vacuum drying over anhydrous calcium chloride 
for 18 hr? (Ryan and Brand, 1944) to drying at 109 C 
for 12 to 16 hr (Agarwala and Peterson, 1950). The 
specific conditions used for any given assay are rela- 
tively unimportant if constant weight, an essential 
requirement for any quantitative gravimetric proce- 
dure, is attained. 

The mats may be weighed on any suitable analytical 
balance. The sensitivity of the measurements will, of 
course, be dependent upon the characteristics of the 
particular balance used. 


Factors WHICH INFLUENCE GRAVIMETRIC METHODS 


The factors which influence gravimetric methods 
are, as with other types of methods, many and varied. 
Certain of these are applicable to the use of fungi as 
test organisms. Others, however, are peculiar to the use 
of Neurospora mutants. As it is unlikely that this pro- 
cedure will be applied to bacterial or yeast analysis, 
reference to these organisms will be omitted in the fol- 
lowing discussion. 

2 When this procedure is used, it is reeommended that the 


mycelial pellets be placed on aluminum foil or wax paper as 


they will adhere to glass or porcelain surfaces under the stated 
conditions. 
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Substance to be Assayed 


For a gravimetric procedure to be applicable for the 
assay of a particular factor, that factor must have cer- 
tain properties. These are: (1) The ability to affect the 
growth of some fungus in a manner which is reflected 
by changes in the dry weight of the mycelium formed 
by the organism. (2) Solubility in water, or some solvent 
miscible with water which will not interfere with the 
growth of the organism at the concentration used. (3) 
It should not cause flocculation or precipitation in the 
culture medium that will affect the measurement of the 
weight of the mycelium (this is particularly true when 
filtration techniques are used to harvest the mycelium). 


Culture Media and Assay Solutions 


The major problems in gravimetric assay procedures 


~are related to the technique of incorporating the sample 


solutions into the culture medium. The basal media 
used in these procedures are relatively simple in com- 
position. Most of the test organisms will grow well on 
a medium containing a source of carbon, inorganic 
nitrogen, several inorganic salts, and the factor re- 
quired for growth.’ Although growth on such a medium 
is satisfactory for the analysis of pure compounds, it is 
not optimal and may be affected by a variety of sub- 
stances. 

The nitrogen metabolism of the test organisms may 
be a source of difficulty in gravimetric assays. For 
example, the response of Phycomyces blakesleeanus to 
thiamin will vary with both the concentration and 
source of nitrogen (Meiklejohn, 1937; Sinclair, 1938; 
Burkholder and McVeigh, 1940) (table 1). Further, if 
a single source of nitrogen, such as asparagine, is uti- 
lized in the basal medium at its apparent optimum 
concentration, nitrogenous constituents of complex 
biological samples may stimulate additional growth of 
this organism (Sinclair, 1938). It may be advisable to 
develop modifications in the medium (or include suit- 


3In addition, biotin must be added to the basal media 
used in assays employing Neurospora mutants. 


TABLE 1 


Comparison of the effect of different sources of nitrogen 
on the growth of Phycomyces* 


Source and Per Cent of Nitrogent 
| As- 
Expt. = | para- Glycine Glutamine 
gine 
5 | .o4 | 02 | os | 0.75 0.2 | 0.4 | 0.6 | 0.8 | 1.0 | 1.2 
| | 
1 | 0.1) 43. 53. 2 
0.3) — | | 
2 | osio1.o| — | —|—| —| — — 
130. 6 136.8 8 — 160.0 


* Sinclair, 1938. 
¢ Dry weight of fungus in mg. 
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able “blanks’’) to adapt these procedures to specific 
problems. 

The addition of amino acids to the basal medium 
may cause a variety of effects. To avoid stimulation by 
amino acids which might be present in samples, Agar- 
wala and Peterson (1950) added casein hydrolysate 
and asparagine to the assay medium used for the deter- 
mination of p-aminobenzoic acid with Neurospora 
crassa. Doermann (1945) reported both a sparing effect 
and inhibition by amino acids in the lysine assay with 
a mutant of the same organism, as arginine acted as a 
specific inhibitor while asparagine and glutamic acid 
stimulated growth. Strauss (1951) found that methio- 
nine will inhibit the pyridoxinless mutants under certain 
conditions. This inhibition may be reversed, however, 
by the inclusion of threonine in the basal medium 
(table 2). Table 3 illustrates the diversity of antagonis- 
tic amino acid relations in Neurospora mutants. 

Substitution of amino nitrogen compounds for growth 
factors may oecur. Dimethylaminoethanol has the 
same activity as choline for the cholineless mutant of 
Neurospora crassa (Jukes and Dornbush, 1945). Me- 
thionine has partial activity for this same organism and 


TABLE 2 


Methionine inhibition of Neurospora crassa 44602 and its reversal 
by threonine* 


pt-Threonine (mg) 


Methionine 
0 1 2 | 3 4 5 
mg | 

0 13.9f 15.5 14.4 | 15.3 | 15.5 | 15.1 
0.4 | 

p-Methionine 7.2) 7.3 | 8.2 | 10.8 | 13.5 | 14.7 

L-Methionine 6:1 | 6.4 41.2 | 18:3 1 17.7 | 18.5 
0.8 | 

p-Methionine 6.3) 7.0| 9.5) 13.2 | 13.5 

L-Methionine 3.9| 3.1] 5.5 9.2 
1.0 

p-Methionine 7.2| 8.0) 10.6 11.9 | 13.9 | 15.6 

L-Methionine 4.2} 4.0] 6.6 8:2 | 11:6} 11:2 


* Strauss, 1951. 

+ Recorded dry weight (average of 2) of mycelium produced 
in 72 hr on 20 ml m/15 phosphate medium, pH 7.0, containing 
4 mg (NH,)2SO, nitrogen per 20 ml. 


TABLE 3 
Some amino acid antagonisms in Neurospora* 


Growth Factor Growth Inhibitor 


Isoleucine + valine Excess of either 


| 

| 

Lysine Arginine 
p-Alpha-aminoadipic acid Arginine, asparagine, glutamic 

acid 

Glycine or serine Asparagine 
Methionine or threonine | Excess methionine 
None (reversed by arginine) | Canavanine 
Histidine “Complete”? medium 
Adenine Indole 


* Tatum, 1949. 


will interfere with the assay if present in excess of 4 
ug per ml of culture medium (Horowitz and Beadle, 
1943). 

Certain other compounds will alter the response of 
these test organisms. The ratio of sucrose to leucine in 
the assay medium directly influences the amount. of 
growth of the leucineless mutant of Neurospora 
(Regnery, 1944). If thiamin is added to the basal 
medium for the pyridoxin assay, the test organism, 
Neurospora sitophila, will grow better at limiting or 
suboptimal concentrations of vitamin Bs, thus increas- 
ing the sensitivity of this assay (Tatum et al., 1946; 
Harris, 1952; Hodson, 1956). 

Natural substances, such as yeast or liver extracts, 
tissue extracts and so forth, may cause either inhibition 
or stimulation (Mitchell and Houlahan, 1946; Mitchell, 
1950). The inhibition may be due to amino acid antag- 
onisms as mentioned above while the stimulation may 
be attributed to nonspecific sparing effects by sub- 
stances in the extracts. 

The pH of the medium is an important consideration. 
The activity of p-aminobenzoic acid is dependent upon 
pH (Wyss e¢ al., 1944). It is most active at low pH’s 
and decreases in activity as the pH increases towards 
neutrality. Growth of mutants in the absence of their 
required factor under defined conditions of pH in the 
presence of certain nitrogen compounds has been noted 
for the pyridoxinless mutant of Neurospora sitophila 
(Stokes et al., 1948a, b) and the arginineless mutant of 
Neurospora crassa (Srb and Horowitz, 1944). Samples 
should be adjusted to the pH of the basal medium be- 
fore their addition to avoid complications that may 
result from changes in the hydrogen ion content of the 
culture medium. 

From the examples cited above, it can be seen that 
while the nutritional requirements of the test organisms 
used in gravimetric assay procedures may be “simple,” 
components of the test solutions other than the factor 
under assay may significantly alter the environmental 
conditions and cause deviation from the expected re- 
sponse. Some of the problems may be resolved by 
adequate pretreatment of the samples. Dilution, ex- 
traction, and/or purification procedures can be em- 
ployed and are helpful in minimizing the undesirable 
influences of entraneous materials, resulting in im- 
proved accuracy by this method. 


Incubation 


The role of temperature is of less importance in gravi- 
metric procedures than in the methods previously 
discussed (Gavin, 1957a, b). Here, emphasis is placed 
on the selection of the temperature of incubation instead 
of on the control of temperature fluctuations during the 
incubation period. Two reasons may be advanced for 
this difference. The top of the temperature growth 
curve for molds appears to be a plateau rather than a 
peak, as is the case with most bacteria. This allows 
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greater latitude for variations in the incubation tem- 
perature. In addition, total growth is measured and 
minor fluctuations in environmental conditions do not 
affect the over-all amount of mycelial mass formed. 

The selected temperature should be close to the opti- 
mum for mycelial development by the test organism 
as the amount of mycelium formed will vary with 
major temperature changes. While it is not critical that 
the temperature be optimal, for at any given tempera- 
ture the growth will be proportional, it is preferable to 
adjust conditions so that a good growth response is 
obtained. 

A specific example of improvement in an assay pro- 
cedure by proper temperature selection can be seen in 
the leucine assay of Ryan and Brand (1944). They found 
that their assay was complicated by adaption, that is, 
partial or complete ability of the organism to grow 
without the test component. Complete adaption results 
in growth that approaches that of the wild type Neuro- 
spora While growth of cultures showing partial adaption 
will exceed that observed normally at given concen- 
trations (table 4). 

These adaptions have been attributed to back muta- 
tion of the leucineless nuclei to the wild type parent 
organism (Ryan, 1946). The frequency of this occur- 
rence is correlated with temperature as is the frequency 
of mutation. When the incubation temperature in this 
assay was changed from 30 to 25 C, the percentage of 
cultures which adapted dropped from 14 to 3 per cent 
(Ryan, 1946). 

This particular condition is easily recognized and the 
aberrant mycelial weights should be omitted from the 
final calculations. Such complications are not desirable 
in Quantitative analysis and should be eliminated when 
possible. 

The precision of these assays is correlated with the 
length of the incubation period. In general, more pre- 
cise assays are obtained with long incubation periods. 
A period of 3 to 5 days seems adequate for most of the 
vitamin assays using Neurospora as the test organism, 
while, with Phycomyces, more uniform results are 
obtained in the assay of thiamin if a 2-week period is 
used (Hammer et al., 1943). With amino acid assays, 
incubation periods of 7 to 8 days appear to give the 
best results. The improved precision is a function of 
total growth since extension of the growth period per- 
mits adequate time for compensation by the test or- 
ganism for any unequal environmental conditions 
between the flasks of a series. Consequently, when a 
long incubation period is used, the only limiting factor 
is the one being assayed. 


Oxygen Relationship 
Because the majority of the fungi are strict aerobes, 
the total amount of growth, at any given assay level, 
will vary with the amount of oxygen available to each 
culture. While the use of flasks of the same size and 


shape should minimize any variations due to differences 
in oxygen availability, consideration should be given 
to the selection of the flask size, itself. 

During the growth of the test organism, the mycelial 
mat spreads over the surface of the nutrient medium. 
This causes some modification of the gas exchange rate 
between the atmosphere and the medium. The change 
in rate will not be proportional at all assay levels due to 
the differences in the amount of surface area occupied 
by the developing mycelium. The degree to which it is 
disproportionate is inversely related to the flask size. 
Thus, when small culture vessels are employed, the top 
portion of the growth curve tends to level off, limited 
not by the concentration of substance being assayed 
but by the concentration of available oxygen. The use 
of larger flasks will correct this condition and reduce 
variation between replicates. 


AccURACY OF RESULTS 


Both the precision and the accuracy of gravimetric 
assay procedures are comparable to other microbial 
methods of analysis. Replicate values for the same 
sample solution generally agree within 10 per cent, 
while recoveries usually range from 90 to 110 per cent 
of theoretical. Most results obtained by this procedure 
have been in close agreement with those obtained for 
similar substances by chemical, physical, and other 
types of microbiological methods. 

The procedure is simple, and minor variations in 
technique may not have a great influence on the ac- 
curacy since the extended incubation period makes the 
method independent of many factors which affect 
other microbiological methods. Any such advantages 
may. be over-balanced by the sacrifice of time which is 
necessary for maximum precision and accuracy. Thus, 
the gravimetric procedures are most suitable for the 


TABLE 4 
Complete and partial adaption of leucineless Neurospora* 


Mg Mycelium on Different Amounts of Leucine 
Flask No. 

0.25 mg | 0.50 mg | 1.00 mg 

1 9.8t 17.5 32.7 

2 72 | 17.4 32.1 

3 7.3 44.8} 32.9 

4 7.3 19.0¢ 31.2 

5 16.2 | 17.8 33.2 

6 20.8t 17.2 838.5 

7 7.3 | 17.5 | 34.6 

8 7.1 18.0 | 

9 8.0 20.1 | 35.4 

10 50.3f | 17.3 | 36.1 
<<. 7.4 17.5 33.3 


* Ryan, 1946. 
+ Partial adaption. 
Complete adaption. 
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assay of certain vitamins for which other types of 
analytical methods may not be applicable. 


ADVANTAGES AND DISADVANTAGES OF THE 
GRAVIMETRIC AssAY PROCEDURE 


The advantages of the gravimetric assay procedures 
are the following: 

1. The methods are simple and inexpensive. They 
do not require any special or elaborate equipment. 

2. The methods are reliable and results are compa- 
rable with those obtained by other methods of analysis. 

3. The methods are precise. 

4. The methods can be used to assay highly colored 
solutions. 

5. In most cases, the age and the size of the inoculum 
need not be controlled as growth response is primarily 
a function of the amount of limiting factor and not its 
concentration. 

6. The methods in which Neurospora mutants are 
used as the test organisms are specific. 

The disadvantages of the gravimetric assay proce- 
dures are the following: 

1. The requirements for nitrogen metabolism by the 
test organisms are complex and may be affected by a 
variety of nonspecific nitrogenous substances. 

2. The Neurospora mutants have inherent disadvan- 
tages: (a) a separate strain is required for each 
particular procedure, thus requiring maintenance of a 
large number of test organisms; and (b) occasional 
major changes in metabolism may occur as a result of a 
single gene mutation with the resultant possibility of 
adaption. 

3. The methods are time consuming. 

4. The methods are not adaptable for large numbers 
of samples. 

5. Flasks require considerably more incubation space 
than tubes. 

6. The methods have limited application. For routine 
analysis, they are employed only in the assay of a few 
vitamins for which other methods are not available. 
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MYCOLOGY 


DIAGNOSTIC 


. . . for the isolation, identification and cultivation of patho- 
genic fungi. These media are also widely used in phytopatho- 
logical studies. Several are neutral in reaction, giving optimum 
conditions for growth of a variety of fungi. The following 
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